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Abstract
In pursuit of enhancing the capabilities of healthcare diagnostics and monitoring, the elec-
tromagnetic spectrum has been utilized efficiently from the MHz upto THz and beyond.
The era of smart phones, wearable devices and on-body networks have unfolded plethora of
health applications with efficient channel communication mechanisms, faster data transfer
rates and multi-user functionalities. With the advancement in material fabrication and spec-
troscopic techniques, a new realm of healthcare nanodevices have emerged with immense
potential to garner in-depth information of the human body, real-time monitoring and tackle
medical emergencies. A collection of these devices with sensing capabilities together form
a nanonetwork performing computing tasks such as storage, actuation, data transfer and
communication. The thesis brings forth the analysis and optimization of channel parameters;
such as pathloss and molecular noise temperature, when the proposed in-body nanodevices
communicate amongst each other in the terahertz (THz) range. The novel contribution of the
work is mapping the optical properties of human skin by bringing together the measurement
of various skin tissues and its influence on channel parameters. In the later part of the thesis,
emphasis is given on the individual biological entities of the tissue contributing to channel
parameters, such as collagen as an abundant protein, variation in fibrous extra-cellular matrix
due to fibroblast cells and amalgamation of different layers; namely, epidermis and dermis of
the skin.
Recently proposed graphene-based antennas resolve the cumbersomeness of existing
medical devices by drastically reducing its size to a few hundreds of nanometres. These
biocompatible nanodevices focus on exchanging the intricate details of the human body via
nanoscale electromagnetic communication in the terahertz domain of the spectrum. The
thesis aims to investigate the material properties of skin tissues with terahertz time do-
main spectroscopy and numerically evaluate the channel parameters for in-body nanoscale
networks that potentially would form an essential part of a hierarchical body-centric commu-
nication network extending from inside the human body to a wider community network. The
results are presented in regards to the complexity of human tissue as a channel medium. The
measured refractive index and absorption coefficient data is applied to numerically calculate
channel pathloss and molecular noise temperature. The results provide a real-time analysis
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of tissue morphology, molecular features, hydration level and atmospheric water vapour on
channel parameters. In addition to this, engineered skin substitute models: 2D collagen and
3D organotypics, are investigated to address the importance of individual biological features
comprising of water dynamics and cell culture, affecting the channel parameters.
The experimental results of various tissue samples, skin substitutes and numerical evalua-
tion of channel parameters can be used to further improve the communication capabilities
of in-body nanonetworks. The original contributions on characterization of skin substitutes
can be applied to study various health conditions, effects of drugs and skin ageing on a
molecular level. The results presented in this thesis, foresee an increasing demand in skin
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Chapter 1
Introduction
A worthwhile contribution to communication and networking comes from the knowledge of
electromagnetic spectrum. The radio waves with frequency up to 300GHz and wavelengths
less than 1mm have been immensely harnessed for communication and networking [1].
These modern communication techniques amounts to easy and effective ways of human to
human interactions via smart-phones, satellite communication for entertainment and space
exploration, radar system for aviation industry and slowly moving towards body area and
in-body networks for medical applications. The growing interest in medical applications
come with a motive to understand the source of diseases and to be able to provide a better
health diagnostic system [2, 3]. On-body techniques popularly known as body area networks
(BAN) are set of mobile and compact intercommunicating computing devices worn or even
implanted into patients [2].
These marvels of technology and engineering, are establishing an elevating trend for the
future medical monitoring devices. A gradual shift in the exploitation of electromagnetic
spectrum from microwave to millimetre wave has been a stepping stone for many inventions
in the field of communication, computers, electronics and medicine. Modern technology is
now moving towards more collaborative applications rather than standalone and focused ones.
The birth of inter-disciplinary research has penetrated the medical sciences to a level where
healthcare sector is capable of diagnosing, preventing and treating even the assumed incurable
diseases. They can help monitor the patient’s physiology and other medical conditions. Some
of the best examples include heart-rate monitors, glucose-monitors or optically based sensors
fitted on earlobe fingernails or wrist. Over the years, these devices have evolved into a niche
area which often referred as wearable technology [4].
Over the years, the significant growth in wireless and body-centric communication has
opened doors to futuristic medical diagnostic devices and theories [5–8]. It is envisioned that
medical conditions can be further improved with continuous in-body monitoring of patient’s
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health. Current state of the art technology dictates in microwave(50-900MHz) and millimetre
wave (30-300 GHz) regions and gradually expanding in the Terahertz domain (0.1-3THz)
[9, 10]. With an increasing awareness of hazardous diseases such as cancer, diabetes and
demand to improve medical conditions [11], the diagnostic research is more emphasized on
extracting intrinsic details of the human body, precision of measurement and efficient data
transfer.
Radio enabled implantable devices with an aim to blend with the morphology and biology
of the human body has paved the way for applications in drug delivery, glucose monitors,
blood pressure sensing system, and eye pressure sensors [12]. While microwave is taking care
of communication in the periphery of the human body and amongst devices, millimetre wave
provide measuring techniques with better spatial resolution, more compact and cost-effective
devices. The thrust and plethora of numerous research activities in medical electronics
witnessed its first success with cardiac pacemaker. Miniaturization of devices was later
possible with the advent of silicon-based semiconductor technology [13]. In the similar line
of work devices such as cardioverter, defibrillators and implantable neuromodulation systems
can communicate essential diagnostic information and address pathologies gastroesophageal
reflux disease (GERD), sleep apnea, chronic pain obesity, hypertension and heart failure [14].
It is thus safe to assert, that wireless communication schemes and medical electronics has
indeed promulgated indispensable information in the medical field. As a consequence to this
widespread pool of data, it has ushered a completely new era of big data, internet-of-things
and most recently internet-of-nano-things.
Advancement in communication systems applied to millimetre wave have improved
health services by promoting technologies like Body Area Networks (BAN) [2]. To achieve
mobility and greater flexibility, a meticulous arrangement of sensors collect healthcare
data and exchange information to remote locations. For instance, an automatic real-time
monitoring of patient’s vitals such as blood pressure, heart-rate, body temperature etc., is
possible. Despite the enormous potential of millimetre wave communication and BAN,
many challenges still remain in fabricating reliable in-body sensors in hostile environment of
human body.
To overcome these discrepancies, further down-scaling of devices to a length of nanome-
tres (1-100nm) is rewarding in terms of clinical diagnosis, device performance and data
collection. A conglomeration of these ingenious nanomachines or nanodevices embodied
in nanonetworks [15, 16] have potential benefits of biocompatibility, in-depth analysis of
human body, faster transmission rates, targeted diagnosis and sizes comparable to molecules.
In terms of functionality, these are much more sophisticated than other implantable devices
having features like sensing, memory, actuation, power unit, and communication. The
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practical applications of this technology can only be achieved with optimization of channel
medium which is the human body and hence developing novel concepts for communication
systems is the key. More details on the proposed communication schemes have already
been discussed extensively in chapter 1. However, here a brief overview of recent research
activities in THz communication for free space and computer simulated skin models will be
discussed.
In pursuit of achieving a real time understanding of in-body communication, elementary
theoretical models were developed to impersonate the human body using EM simulation soft-
ware. A database of different animal tissue published by Gabriel and team in 1990s [17, 18],
for RF and microwave frequencies, led to development of pathloss models characterized by
refractive index and absorption coefficient [19, 20]. As discussed in the further chapters, nan-
odevices are envisioned to communicate in the THz region of the electromagnetic spectrum,
owing to their size and bandwidth of 1-10THz [21]. In addition to this, initial studies have
been made to investigate the material properties of skin tissue 0.3-2THz [22–25].
1.1 Proposed Nanoscale Communication Schemes
Together with wireless technology, advances in nanotechnology and rapid synthesis of
Graphene has transformed the realms of biomedical sciences [26]. Recent research in the
area of drug delivery, cancer therapy, bio-sensing and bio-imaging has exploited the unique
structural and physiological features of graphene and its derivatives [27, 28]. Along with
Graphene, other nanomaterials like carbon nanotubes (CNTs) make excellent candidates
for loading of drugs, cellular imaging, sensing other molecules and in-vivo cancer studies
due to their biocompatibility and stability [29, 30]. Assimilating from the fundamentals of
electromagnetic, wireless communication, medical and material science, a novel concept of
nanonetworks was first introduces in 2008, which stems from the concept that a collection of
nanodevices have the potential to harness the innate communication capabilities of human
body, thereby allowing them to cooperate and share information [15]. Healthcare diagnosis
can only be achieved if an efficient communication mechanism and data transfer is established
between these nanodevices
Hence, extensive research is on-going to fabricate sensors and devices at nanometre scale
in parallel to modification of existing communication and networking paradigms [16]. These
revelations combining expertise from various scientific domains such as bioengineering,
material science and electromagnetics are becoming a practical solution to various medical
diagnostic problems. Many variants of nanoscale wireless communication have been pro-
posed - Nano-Electromagnetic (Nano-EM), opto-ultrasonics and molecular communication
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[15, 31, 32]. The thesis is conclusively focused on the operation, applications and experimen-
tal investigation of in-body Nano-EM communication. However, to provide the reader with
an underlying concept of nanoscale communication, the variants can be briefly described as:
• Molecular Communication: The conceptualization of nanonetworks was first done for
molecular communication based on the use of existing biological nanomachines, such
as molecular motors, as components or models for the development of new nanoma-
chines. Several biological structures found in living organisms can be considered as
nanomachines such as cells [33]. A Biological nanomachine, analogous to a living cell
includes: nano-biosensors, nano-actuator, bio-hybrid memory device, and control unit
[15]. A nanomachine is defined as "an artificial eutactic mechanical device that relies
on nanoscale components for information exchange [34].
Fig. 1.1 Proposed Schematic of a Biological Nanomachine analogous to the attributes of actual human
body cell [15]
Necessary features of future nanomachines are already present in a living cell, which
can be defined as a self-replicating collection of nanomachines [35]. The resulting
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Fig. 1.2 Approaches for the development of nanoscale communication [16]
nanonetwork is based on molecular signalling, a process also used for inter-cell com-
munication to achieve a common objective such as the growth, multiplication, control
of hormonal activities or immune system responses in the human body. Molecular
motor based communication is suitable for short-range communication. It is sometimes
hard to predict the motion of molecules via diffusion based therefore, there is a need for
more tail-like communication mechanism. Most of the intra-cell communications are
based on molecular motors [33]. Molecular motors travel along molecular rails called
microtubules, at a speed up to 400 mm/day [36]. The ability to move molecules makes
molecular motors a feasible way to transport information packets, i.e., molecules, from
the transmitter to the receiver nanomachine. As an additional advantage, molecular
motors and microtubules can be used as a bio-hybrid communication interface between
man-made nanomachines and biological structures [37]. A nanomachine architecture
for bio-hybrid communication is shown in figure 1.1. The system has defined features
similar to that of a living cell.
Another natural phenomena for communication is diffusion transport. This mechanism
has been exploited in many areas, such as diffusion velocity in metals/semiconductor
materials and harvesting the flow of water body in a dam for generating electricity. In
all the cases, the common concept is the difference in concentration gradient and no
need for an external force to trigger the process. The method is suitable for long-range
communication and is also known as pheromonal communication (in case of human
body cell communication). Pheromones can be defined as molecular compounds
containing information that can only be decoded by specific receivers and can invoke
certain reactions in them [38]. It is more of a freedom-flow based communication
as there no physical link that will bind the transmitter and receiver node together.
Information is encoded on the molecules, the reception of the transmitted molecules is
1.1 Proposed Nanoscale Communication Schemes 6
realized by molecular receptors located on the receiver. This phenomenon is based on
the ligand-receptor interaction [39].
• Opto-Ultrasonic Communication: The motivation is to use mechanical waves stems
from the natural communication mechanism between different cells of the human body.
In a macroscale world, bulky robots have been engineered to perform simple tasks. In
the same line of work, wireless nanorobots (also called nanomachines, nanodevices),
i.e. devices of sizes ranging from one to a few hundred nanometres, have been
proposed remote and distributed medical diagnosis and treatment of major diseases
[40]. Molecular communication enables these nanorobots to detect and eliminate
hazardous agents and pathogens inside the biological tissues, e.g., viruses and cancer
cells, enabling less invasive and less aggressive treatments [41]. Moreover, a distributed
networks of nano-devices could be used for organ, nervous track, or tissue replacements,
i.e. bio-hybrid implants. Use of ultrasonic waves has been quite prominent in the
medical field. These are mechanical waves that propagate in an elastic medium at
frequencies above the upper limit for human hearing, i.e., 20 kHz. Their controlled
use is a boon for many diagnostic applications such as understanding underwater
life/communication [42–44] and in-body imaging [45]. In the paper, [46–48] it was
illustrated that Ultrasonic waves have a strong potential to enable inter-networking
among implanted devices in the human body at communication ranges spanning from
a few micrometres to several centimetres.
Fig. 1.3 Schematic of Opto-acoustic wave generation
This mechanism is based on the joint use of light beams and ultrasonic waves (Fig.1.3),
the phenomenon known as opto-acoustics, could potentially be the foundation of
a new communication paradigm to enable intra-body networking at the nano-scale
[32]. Interestingly, it has been pointed out in reference [49], there is a hypothesis that
techniques for studying vibrations in cellular structures, (including raman, infrared and
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neutron spectroscopy) usually consider bond and small chemical group vibrations, with
expected acoustic frequencies in the terahertz (THz). Higher frequency vibrations may
occur more broadly in cellular processes - such as rotational and vibrational motions.
Ultrasound waves are typically generated through piezoelectric materials that convert
electrical energy into mechanical energy and vice versa; or through the vibration of a
thin plate, i.e. a capacitor, under a force [50]. The opto-acoustic effect refers to the
generation of acoustic waves from the optical excitation of a medium and the excitation
wave frequency is in the optical range. Under influence of opto-acoustic effect, the
waves can be generated through various mechanisms: optical breakdown, vaporization,
and thermoelastic generation. Optical breakdown provides high generation efficiency,
but require extremely high laser intensities that may produce hazardous and irreversible
effects in the radiated tissue. Optical energy ionizes a tissue, thus forming plasma
generates a pressure wave while expanding. When the optical energy absorbed by
the tissue is lower than the breakdown threshold, but exceeds the boiling threshold,
e.g., 2600 J/cm3 for water, vaporization occurs, producing an opto-ultrasonic wave
[32, 51].
Thermoelastic mechanism [52, 53] has lower generation efficiency, but requires sig-
nificantly lower laser intensities compared to the optical breakdown and vaporization
effects. This mechanism is in general more attractive because of its low-thermal effect
properties and reduces damage of the biological tissues. The energy absorbed by
optical excitation generates a temperature gradient that leads to a thermal expansion,
and therefore to the generation of opto-ultrasonic waves. Some adverse biological
effects, which should be illustrated while proposing such a mechanism: heating effect
and cavitation. The most well understood acoustic effect in biological tissues is heating.
During ultrasound propagation, a portion of the energy is absorbed and converted into
heat, which could lead to a temperature increase. As the wave intensity increases, the
temperature rises and if it becomes higher than 38.5◦, adverse biological effects may
occur. Another effect caused by ultrasonic wave propagation is cavitation [32], which
denotes the behaviour of gas bubbles within an acoustic field. Pressure variations of the
ultrasound wave cause bubbles in the propagation medium to contract and expand. For
large pressure variations, the bubble may collapse, causing serious biological effects
and damaging tissues located in close proximity. To avoid potentially dangerous effects,
ultrasounds at low transmission pressure levels, and consequently low transmission
power levels should be employed.
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• Nanoscale Electromagnetic Communication: The existence of successful biological
nanomachines, which are highly optimized in terms of architecture, power consump-
tion and communication, motivate their use as models or building blocks for new
developments. In light of on-going research in the field of short range in-body com-
munication, EM communication at nanoscale promises to offer better control, higher
data rates and more reliability [54]. While, molecular communication seems like
a viable solution to in-vivo diagnosis, there are many technical limitations includ-
ing channel capacity, noise, interference and modulation. The speed and range of
molecular communication are extremely slow and short, and vary depending on the
biological materials, mechanisms used, and the environment. The communication
mechanism at nanoscale defies the traditionally existing concepts. With the fabrication
of such biocompatible nano-antennas, novel communication paradigm was introduced
spanning from 0.1-10THz of frequencies [16].
Fig. 1.4 Graphene based 2D nano-patch antenna whose width can be scaled to emit THz radiation in
the desired frequency range [55]
For instance 1µm long dipole antenna is expected to emit radiation with a frequency of 1
THz whereas a metallic antenna would rate 100 THz, which is not feasible to work with
[20]. Quantum effects govern the wave propagation velocity in these nanomaterials.
This biological friendly radiation is generated at a dramatically lower frequency and
with higher radiation efficiency with respect to their metallic antennas. Graphene has
excellent properties for propagating surface plasmon polaritons (SSP) electromagnetic
waves guided along the metal-dielectric interface. Graphene conductivity was calcu-
lated and propagation of SPP was studied. The coupling of incident EM radiation with
corresponding SPP modes leads to resonances in such antennas leading to generation of
THz radiation [56]. Thus, the principle idea of nanoscale EM communication is based
on channel propagation and modelling. In the subsequent chapters more details will be
provided on propagation, channel parameters and dependence on channel medium.
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1.1.1 Nanonetworks Architecture and Applications
The human body is a good example of a naturally existing communication network. For
instance the nervous system is composed of nerve cells, i.e., neurons, communicates the
external stimulus to brain and enables communication between different systems by con-
veying information with molecular impulse signal known as spike [57]. The human body
needs communication amongst different cells to survive, the proposed intra and inter-body
nanonetworks ensures their stability without mechanically (or physically) disturbing the
harmony of the in-built molecular structure of the body. Moreover, in most of the cases
medicine fails to understand the root cause of the problem but once we have a monitoring
network established in our body, we can extract various unknowns and treat them effectively.
The vision of nanoscale networking attempts to achieve the functionality and performance
of the internet with the exception that node size is measured in nanometres and channels are
physically separated by up to hundreds or thousands of nanometres [33]. In addition, nodes
are assumed to be mobile and rapidly deployable. Nodes (or nanodevices) are assumed to
be either self-powered or spread in and around the specific location. In a visionary sense,
an ultimate application of nanoscale networking would be an automated process, where
the nano-nodes are in motion communicating in a complex dynamic environment of living
organisms monitoring diseased or sensitive parts of the body [58].
The intra and inter-body nanonetwork consists of [15]:
• Nano-nodes: simple and smallest nanomachines performing simple computation with
limited memory. They transmit information over very short distances.
• Nano-routers: larger computational resources than nano-nodes and suitable for ag-
gregating information coming from limited nano-devices. They control the behavior
of nano-nodes by exchanging very simple control commands (on/off, sleep, read
value,etc).
• Nano-micro interface devices: aggregate the information coming from nano- routers,
to convey it to the microscale and vice versa. These are hybrid devices communicating
in the nanoscale.
• Gateway: remote control of the entire system over the Internet. For example, in an
intra-body network scenario, an advanced cellphone can forward the information it
receives from a nano-micro interface in our wrist to our healthcare provider.
A brief summary on different parts of a nanodevice is provided below: [16]:
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Fig. 1.5 Schematic of Nanonetwork Architecture focusing on nanoscale communication amongst col-
lection of nano-devices inside the human skin. The information retrieved by these devices are then
communicated to macroscale devices such as mobile phones, laptops etc for real-time monitoring of
human health
Fig. 1.6 Hypothetical in-body nano-device sensor as a part of nanonetwork (reproduced from Akyildiz
et al.) [16]
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• Nanoprocessor: It is responsible for all other components of the nanonetwork, can
be thought of as a brain to the entire system. With the advent of nanomaterials like
graphene and CNT, it is possible to fabricate tiny FET transistors and assemble for
a processing unit. The nanoscale approach makes this entity less complex and high
speed. It is theoretically predicted that the switching frequencies of such transistors
are in the order of up to a few hundreds of terahertz, which is faster than any existing
silicon FET transistor [59].
• Power unit: The unit will be able to exploit energy from external sources such as light,
heat and store it for future distribution and consumption. More work is being done on
Lithium nanobatteries and self-power nanobatteries [60, 61]. For a nanonetwork, it is
important to consider the power unit size, energy harvested and the storage, because
dealing with nanoscale physics is tedious and size and energy concepts are quite tricky.
• Actuators: It is an interface between the environment and the nanonetwork. Several
sensors and/or actuators can be included in a nanomachine, e.g., temperature sensors,
chemical sensors, clamps, pumps, motor or locomotion mechanisms [62].
• Communication unit: Nanonetworks are basically communication networks, this
cannot blind sight the fact that they would eventually need to communicate, hence even
while fabricating such devices it becomes mandatory to mind the concepts related to
nanoscale communication. Nanoantenna and Nanoscale-EM transceivers are the main
candidates for EM communication. Wireless communications among nano-devices
cannot be achieved by simply reducing the size of a classical metallic antenna down to
a few micrometers, since that would impose the use of very high resonant frequencies,
in the optical range. Graphene-based plasmonic nano-antennas [63], or graphennas,
just a few micrometers in size are envisaged to radiate electromagnetic waves in the
terahertz band (0.1-10THz).
There are range of applications underlying the potential of nanonetworks and nanoscale
communication. Some of the applications are illustrated in figure 1.7.
Necessary features of future nano-communication devices are already present in a living
cell [15]. The implementation of any form in-vivo communication will need to ensure a
non-disruptive operation. Since, the goal is to improve healthcare and acquire detailed
information of the human body, new constraints and system requirements needs to included
[64]. While, molecular communication seems like a viable solution to in-vivo diagnosis,
there are many technical limitations including channel capacity, noise, interference and
modulation. The speed and range of molecular communication are extremely slow and short,
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Fig. 1.7 Various applications of nanoscale electromagnetic communication devices operating in harmony
as a part of nanonetwork
and vary depending on the biological materials, mechanisms used, and the environment.
In addition, molecular communication experiences large signal jitters and a high loss rate
because the movement of molecules is often unpredictable and the molecules arrive at a
receiver bio-nanomachine after a widely varying period of time. Moreover, the molecules
may degrade in the environment and not even arrive at a receiver bio-nanomachine [65].
With the current research and solutions available for molecular communication, it becomes
necessary to look for alternative in-vivo communication mechanisms.
The thesis is focused on understanding and characterizing nanoscale-EM communica-
tion for healthcare diagnostic applications. Study of nanoscale-EM communication and
corresponding electromagnetic properties of human body will be covered in the subsequent
sections. When it comes down to cellular level specifically in-vivo communication, the
mechanism is neither engineered nor is it fully accessible. However, the challenge and the
obvious missing factor is detailed knowledge of the human body relevant to these electronic
devices. Thus an intense research on electrical properties of the human body is vital for the
operation and success of these nano-devices. Before moving towards the kernels of this thesis,
some interesting questions to pay heed on would be - How nanoscale-EM communication
happens within the human body ? The various organs in our body inherently communicate
and transport information with each other at a cellular level (micrometres, µm in scale) thus
keeping us alive. Modern day communication technologies like digital communication are a
best example of harnessing the nature’s way of communication [66].
Imagine a scenario where we could understand the essence of in-vivo communication
in a way we understand mobile communication today; this could solve many health related
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issues. However, it will be further covered that realization of in-vivo communication is
not in the conventional MHz-GHz range, rather a relatively unexplored domain of the
electromagnetic spectrum namely, Terahertz (THz). This part of the EM spectrum bridges
the gap between electronics and photonics and extends from 0.3-30 THz [67]. Even with the
limited penetration depth of THz waves in the biological medium, it is still a favourable choice
for communication. The extensive and rapid growth in generation and detection techniques
for THz, has led to some breakthrough in medical imaging, material characterization and
space exploration [68]. However, one of the key attributes of this spectrum is its sensitivity at
the cellular/molecular. The subsequent chapters of this thesis will focus on understanding in-
vivo nanoscale wireless communication and thereafter channel modelling of nanoscale-EM
communication for health monitoring applications.
1.2 Research Motivation
The advancement in nanomaterial research for fabrication devices has opened doors to
nanoscale-EM communication. The results show that for a maximum antenna size in the
order of several hundred nanometres, both a nano-dipole and a nano-patch antenna will be
able to radiate electromagnetic waves in the terahertz band (0.1-10.0 THz).
The interest in THz stems from prediction of collected structural vibrational modes
at the THz frequencies. These modes involving large-scale motion of entire sub-units of
macromolecule are dictated by structure and have long been discussed as dynamics leading
to conformational change and bimolecular function [69]. Nanoscale EM communication
becomes an obvious choice due to the fact that molecular information for a human body is
indeed sensitive in the THz regime. Additionally, this part of the spectrum is much safer to
interact at a cellular scale that its counterparts in the microwave or gigahertz range [70]. The
proposed in-vivo body nanonetworks ensures their stability without disturbing the harmony
of in-built molecular structure of the body. Moreover, in most of the cases medicine fails to
understand the root cause of the problem but once a monitoring network is established, one
can extract various unknowns and treat them effectively.
For communication perspective, the THz Band channel is highly frequency selective and
exhibits a unique distance-dependent bandwidth behaviour due to the absorption from mainly
the content of biological medium, mainly water and related constituents [71]. In particular,
the THz Band behaves as a single transmission window almost 10 THz wide for distances
much below one meter. However, the lack of detailed database of biological medium limits
the establishment of proper channel models for this communication scheme. Hence, the
thesis will focus on various aspects of channel modelling such as noise and pathloss [20, 72].
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Also, focus will be to characterize the biological medium and extract its electromagnetic
properties.
1.3 Research Contributions
The experimental investigation of tissue optical properties, refractive index and absorption
coefficient extracted using transfer function based algorithm are presented. Tissue morphol-
ogy is explained in detail and validated with microscopic images. Emphasis has been given
on the intricate biological features such as sweat duct cross-section and fibre distribution.
The results are presented for the tissue sample which is rich in these biological features to
help the reader in understanding the significance of in-depth study of tissue biology.
The samples are specifically studied for chronic dehydration and effects of water dynamics
on THz frequencies using THz-time domain spectroscopy. The empirical values are then
applied to numerically calculate the channel parameters for propagating THz wave in a
dehydrated tissue. In chapter 4, experimental investigation of excised fresh skin tissue from
different parts of the body (breast and abdomen) is done. The results highlight the differences
between the absorption coefficient of different skin tissue and importance of water dynamics
study inside the tissue. Also, results on variation in rotation angle of the sample holder are
presented to demonstrate the variations in mechanical conformation of the tissue. The tissues
are imaged using standard light microscopy, to highlight the complex layered structure with
emphasis on the dermis part. The optical constants used for evaluation of channel parameters,
provide an approximated in-vivo communication mechanism at short-range nanoscale level.
Further, artificial skin models are self-cultured as an alternative to excised human skin to
study the intricate biological features influencing the molecular and morphological state of
the skin. The results present the importance of analysing and generating a detailed data base
on different layers of the skin. 2D collagen gels and 3D organotypics are artificially cultured
with fibroblast and keratinocyte cell lines. Collagen gels made with fibroblast cell lines are
representative of the dermis layer, hence any variation in cell number density of fibroblast,
modify the optical properties and subsequently the channel parameters. Organotypics corre-
spond to a more advanced layered structure of the skin and the results associated with its
THz characterization are applied to evaluate channel parameters.
1.4 Thesis Outline
The presented thesis can be further divided into the following chapters.
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• Chapter 2: In this chapter comprehensive background,definitions and models for
nanocommunication is proposed. The highlight of this chapter is EM based nanocom-
munication working at THz band for in-body nanonetworks. This chapter discusses
channel propagation models and introduction to parameters that effect the propagation
of THz wave in free space. The same model is then applied to a real human skin and
results for pathloss and noise temperature is presented. More details and extensive
literature is provided on tissue dielectric behaviour from MHz to THz range of frequen-
cies. Basic operation of THz Time Domain Spectroscopy (THz-TDS) in transmission
geometry and its various performance features is introduced. Pulsed THz-TDS for
tissue characterization and material parameter extraction algorithm is further discussed
in detail.
• Chapter 3: This chapter presents the experimental work done on real skin tissue.
The THz-time domain spectroscopy optical bench set-up and details of individual
components are discussed. The optical parameters i.e refractive index and absorption
coefficient values are compared to already published data and effect of water dynamics
inside the tissue is discussed in detail. The empirical studies are made on dehydrated
tissue and standard optical imaging is done to interest the reader with actual state of
the tissue. Further, THz propagation channel characteristics are numerically evaluated
to present the effects of dehydration of skin tissue.
• Chapter 4: This chapter provides experimental results on excised human skin from
breast and abdomen part of the human body. A brief motivation is provided to highlight
the importance of mapping human body in order to establish a universal nanonetwork
communication channel. Tissue morphology is presented through optical microscopy
images and channel parameters are evaluated. Angle-dependent THz time domain
spectroscopy is also introduced to further reflect the complexity of communication
inside the human body.
• Chapter 5: This chapter provide an introduction to artificial skin culture and charac-
terization of collagen using THz time domain spectroscopy. Details about various
biological parameters that could effect the communication mechanism of proposed
nanonetworks is experimentally investigated and channel parameters are optimized
for efficient short-range communication. Further, more complex artificial human skin
tissue and comparative study of various layers of tissue is presented.
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• Chapter 6: This chapter summaries the main contributions of research thereby, opening
doors to further research on including intricate features of human tissue for in-body
communication.
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Chapter 2
Background and Literature Review
This chapter explores the properties and applications of THz radiation in various facets
of research. As the background and literature proceeds, more emphasis is given on THz
communication in free space, in-body communication channel parameters and knowledge of
biological medium. Theory involved in channel parameters: pathloss and molecular noise
temperature is discussed in detail. The basics on electromagnetic wave interaction with
biological samples is provided. A brief literature review on various dielectric measurement
techniques and its applications is provided covering frequencies from microwave to terahertz.
The aim of this chapter is to provide the preliminaries of short-range nanocommunication,
THz skin tissue characterization and in-body channel parameters.
2.1 Terahertz Radiation Properties and Applications
The terahertz (THz) region of the electromagnetic(EM) spectrum or T-rays, bridges the gap
between the microwave and infrared domain, spanning from 0.1-10THz [1]. The unexplored
region is now flooded with effective methods of generating and detecting THz waves [2].
Hence, there has been recent surge of application in biomedical imaging, pharmacy, security,
astronomy and very recently material characterization with the help of THz-Time Domain
Spectroscopy (THz-TDS) [3–7]. The Terahertz (THz) region of the electromagnetic spectrum
has been of wide interest in the past few years. It is estimated that approximately 98% of
the photons in the universe lie in the submillimetre and far-IR frequency range [8]. It has
clearly established its niche as a potential technology aiming to unfold mysteries in the
engineering and medical domain. It is crowded by innumerable spectral features associated
with fundamental physical processes such as rotational transitions of molecules, large-
amplitude vibrational motions of organic compounds, lattice vibrations in solids, interband
transitions in semiconductors [9].
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Fig. 2.1 The exploration of THz region from 100GHz to 10THz encompassing the biological spectrum
from biomolecules to heterogeneous complex mammalian tissue [10]









Period τ=1/f 10−12s = 1ps
Photon Energy E=hf 4.14meV
T-rays are primarily used for identification of molecules and compounds, to screen
explosives, drugs, weapons etc. [11]. In general, non-polar, dry, and non-metallic materials
are transparent or translucent to T-ray radiation [12]. They can provide supplementary
information on the sample, mainly for low density materials, chemical specifications and
liquid explosives. Several liquids show very different dielectric response in the terahertz
range versus their alcohol percentage for example and can thus be distinguished. THz
waves can penetrate cloth, plastic, paper and other non-metallic and dry materials and,
thus, provide the possibility to identify the explosives behind non-optically transparent
covers. The identification can be performed either in transmission and reflection geometry.
THz spectroscopy has been used to determine the carrier concentration and mobility of
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doped semiconductors such as GaAs and silicon wafers [13]. Intermolecular vibrations
transitions of polar molecules for both solid or liquid state made T-rays beneficial for material
characterization [14], whereas polar molecules in the gas phase have their rotational transition
energies spanning the microwave and T-ray frequencies [15].
In the pharmaceutical industry, T-rays have been used to study polymorphisms and chiral
symmetry in drug compounds. In particular, THz TDS has been used to study polymorphisms
and chiral symmetry in drug compounds [11]. Since different isomers lead to crystalline
structures with varying spectra fingerprints in the THz range, polymorphic forms can be
detected. Different polymorphs and chiral symmetry have an impact on the effectivity and
toxicity of a drug. THz is well suited for quality control of tablet coatings that are used to
control the release of active pharmaceutical ingredients. THz TDS has also been used to study
phase transitions between different molecular configurations as a function of temperature
and humidity [16].
THz waves have been used in imaging and spectroscopy for the diagnosis of diseased
tissues, dental implants, hydration of leaves [17, 18]. The optical properties of liquids in the
THz range mainly depend on the interaction and the relaxation of dipoles inside the liquid.
These dipoles can be permanent dipoles in polar liquids or dipoles induced in non-polar
liquids [18]. Hydrogen bonding can also have a significant effect on the THz response.
Reorientation of dipoles in liquids on a picosecond (ps) time scale is essential for both
chemical reactions and biological functions [19].
Recently introduced for ultra-broadband communication [20], THz waves are being
investigated for short-range indoor communication [21], graphene-based antennas [22] and
in-body nanonetworks [23, 24]. The microwave and gigahertz region of the EM spectrum pro-
vides a wide coverage to communication technologies. With the invention of new electronic
materials and devices, number of users of wireless communication has significantly increased.
Moreover, users are consuming much more digital information with mobile devices than
they did with stationary personal computers connected to the wired network. The trend of
achieving high data capacity wireless communications has been improved over the last a
couple of decades [25]. In pursuit of never ending need for faster information exchange, THz
waves has recently joined the realms of wireless communication.
2.2 Short-Range Terahertz Communication in Free-Space
With scarcity of available bandwidth limiting the achievable data rates in the GHz domain
[26], the popularity of short-range broad-bandwidth THz communication with numerous
medical applications is bringing the era of new wireless communication mechanism [27].
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Most of the present effort towards higher data rates is aimed at enhancing the spectral
efficiency of existing or currently developing microwave and millimetre-wave wireless
systems. However, the spectral bandwidth of such systems is limited, and they will not be
able to support data rates exceeding a few Gbps. In the long run, there is no alternative but to
turn towards higher carrier frequencies [28]. THz frequencies offer large bandwidth and is
unregulated, hence becomes an obvious choice for developing future communication systems
[29]. It has been used mainly for space and astronomy applications, operating at cryogenic
(120 K) temperatures for the detectors. Such devices can be physically large and have a
cost in terms of logistics and high implementation [8]. With its ability to characterize the
biological features, either by reflection or transmission geometry, THz-TDS has motivated
towards cheaper, room-temperature components, and opened doors to many applications for
wireless communication. THz communication is still in its infancy not only due to the lack of
portable electronics and also its propagation constraints. When propagating, electromagnetic
waves suffer from spreading of the energy, as well as from clear-air atmospheric and adverse
weather conditions [30].




), as the wave propagates, the
final power received after free-space attenuation is proportional to square of wavelength and
inversely proportional to the distance travelled [31]. In simplified terms, it relates the power
received to the power transmitted between two antennas separated in space. Hence, if commu-
nicating within a distance of 10m and frequency between 300 GHz and 1 THz, the attenuation
is approximately between 102 dB and 112 dB. Frequencies above 300 GHz are currently
unallocated by the Federal Communications Commission [21]. The frequencies above this
range, labelled as the THz domain could be utilized for novel applications communicating
within a limited range. The limitation in distance is due to strong molecular absorption of
these frequencies through the atmosphere (Fig. 2.2) caused by water vapour. The attenuation
level in the frequency windows may not be a big problem for indoor applications, where the
range is likely to be a few ten meters or less. Consequently, THz waves experience much
less scattering loss caused by molecules as opposed to optical frequencies and can be used
for short distances even if heavy particulates due to smoke or dust are present in the air [32].
From the current state of wireless communication research, it seems that THz frequencies
are well suited for short range data exchange at a macro-scale. In the same line of work, THz
communication has been proposed at nano-scale level for healthcare monitoring applications
[23, 33]. Nanotechnology is enabling the development of devices on a scale ranging from
one to a few hundred nanometres. At this scale, a nanomachine is defined as the most basic
functional unit, integrated by nano-components and able to perform simple tasks such as
sensing or actuation. Coordination and information sharing among several nanomachines
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(a) Atmospheric attenuation for THz frequencies
(b) Attenuation dependent on frequency and distance
Fig. 2.2 The attenuation values due to molecular absorption can reach hundreds of dB/km, but there
are also a few frequency windows where the attenuation is below or near 60 dB/km [21]
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will expand the potential applications of individual devices both in terms of complexity
and range of operation. The resulting nanonetworks will be able to cover larger areas, to
reach unprecedented locations in a non-invasive way, and to perform additional in-network
processing. Moreover, the interconnection of nanoscale devices with classical net- works
and ultimately the Internet defines a new networking paradigm, to which we further refer as
the Internet of Nano-Things.
2.2.1 THz Communication for In-Body Nanonetworks
In-body nanonetworks are an extension to wireless body area networks (WBAN) [34],
blending the two technologies with communication capabilities stretching from micro to
macro scale. Recent publications in nanoscale communication, had led to development of a
common framework, under the umbrella of IEEE Std 1906.1. This standard enables research
and development in medical diagnostics area by focusing industry and academia on a common
conceptual model, common language, and nomenclature for nanoscale communications.
According to the standard, the communication mechanism for a nanodevice falls in the
category of electromagnetic communication. A network of these devices is envisioned to
monitor vitals of the human body such as blood pressure, glucose level etc., along with an
ability to diagnose chronic health conditions. These sensors can be physically distributed
around the body keeping in mind the heterogeneity of medium and work in harmony towards
elevating healthcare.
The wireless technologies used to transmit information to and from the devices are
crucial because they determine one of the most important aspect of communication i.e. the
bandwidth available on the network. Bandwidth enables how much data can be transmitted
per second. For wireless EM based nanonetworks, the range is from 0.1 – 10 THz, thereby
offering a large bandwidth. This section aims to apprise the reader with THz channel
parameters and performance metric essential to determine the feasibility of nanonetworks.
Quantum effects cause the wave propagation at the nanoscale, which differ significantly
from traditional schema. These quantum effects are due to the regular atomic structure of
the nanomaterials and in the molecular composition of the transmission medium [35]. The
THz band has been proposed for Ultra-broadband communication in some of recent articles
[26]. The essential point to carry forward is that THz band is more likely to be suitable
for short-range communication especially when the medium is lossy. To utilize the THz
bandwidth keeping in mind the transmission medium, it is necessary to alter the concepts
of molecular absorption, total pathloss and molecular absorption noise [36]. In this section,
the aim is to review existing channel parameters for free-space with molecular variation
and proposed computational skin model for in-body THz communication. Some of the key
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aspects to look for are molecular absorption loss and noise due to lossy biological medium
of communication. The THz (or nanoscale) communication channel is affected by two
parameters: pathloss and molecular noise temperature.
The total pathloss for a travelling wave in the Terahertz band is dependent on signal
frequency, transmission distance and molecular composition of the channel. It accounts
for both spreading loss and molecular absorption loss. Spreading loss is the attenuation of
wave when it expands while propagating through the medium whereas molecular absorption
loss involves a process by which part of the wave energy is converted into internal kinetic
energy of the excited molecules in the medium. Absorption from a particular molecule is
not confined to a single frequency but is spread over a range of frequency [36, 37]. Hence,
Molecular absorption makes the THz range highly frequency selective. In addition to this,
scattering from nanoparticles and multipath propagation can affect the signal strength at
the receiver [33]. The total path loss dependent on frequency and distance A( f ,d), for a
travelling THz wave can be described as [24, 38]:
A( f ,d)(dB) = Aspread( f ,d)+Aabs( f ,d) (1)
where, f stands for frequency and d is the path length measured in metres (m). However,
results presented in this thesis are calculated by fixing the path length same as the thickness of
sample to be measured by THz-TDS. Hence, the thickness and path length are in millimetre
(mm).
The total pathloss accounts for spreading loss, Aspread and molecular absorption loss,
Aabs. As the wave propagated through the medium, it expands and results in attenuation.
Hence, the spreading loss, Aspread can be defined as:




c is the speed of light
Another factor causing attenuating of THz wave is molecular absorption and depends on
the concentration of channel medium. It is defined as,




where τ is the transmittance of the medium.
The factor transmittance is given by Beer-Lamberts Law [36]. It accounts for losses due
to absorption coefficient as the wave propagated in a medium.
τ( f ,d) = exp−α f d (2)
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where α is the absorption coefficient in cm−1. The unit is following a standard convention
of representing absorption coefficient, when measuring the samples by THz-TDS. This will
help the reader to compare the data easily with other literature, without the use of conversion.
Molecular absorption does not only attenuate the transmitted signal, but it also introduces
noise, termed as Molecular noise. The important parameter to measure noise is emissivity of
channel. When referring radio astronomy, noise temperature is the signal-to-noise degradation
of receiving system of thermal origin. To compute the equivalent noise temperature at the
receiver, it is important to define the transmission bandwidth that depends on the transmission
distance and the composition of the medium. Each type of molecule will have different
resonant frequency; hence the power spectral density of noise has several peaks. Moreover,
this type of noise only appears when transmitting, i.e. there will be no noise unless the
channel is being used [36]. To compute the equivalent noise temperature at the receiver it is
important to define the transmission bandwidth that depends on the transmission distance
and the composition of the medium. The parameter that measures this phenomenon is the
emissivity of the channel defines as:
ξ ( f ,d) = 1− τ( f ,d) (3)
where f is the frequency , d is the total path length and τ is the transmissivity of the
medium
The main contributing factor to total noise is Tmol . Since the working frequency is in
THz range, molecular absorption is considerably high specially if the path length has water
molecules. Thus, the equivalent noise temperature (in Kelvin) due to molecular absorption is
given by:
Tmol( f ,d) = T◦ξ ( f ,d) (4)
where, T◦ is the reference temperature
The total noise power is given by:
Pn( f ,d) = KB(Tmol( f ,d))+Telectronic( f )) (5)
where, KB is the Boltzmann constant
The electronic noise temperature (Telectronic) of the system is assumed to be low due
to the electron transport properties of graphene [39], the main factor affecting the channel
performance will be the molecular absorption noise temperature, which indicates Telectronic ≡
Tmol . The above equations have been used to evaluate the influence of molecular absorption
noise and pathloss using HITRAN (high-temperature spectroscopic absorption parameters)
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database and radiative transfer theory [40] on propagation of THz wave in freespace. The
results highlight one of the attributes of THz band as being very frequency selective. The free
space comprises of water and oxygen molecules, hence the channel parameters as described
by equation 1 and 4 are represented as a function of distance and frequency in figure 2.3 and
2.4.
(a) 0.1% water vapour (b) 10% water vapour
Fig. 2.3 Molecular absorption noise temperature (kelvin,K) as THz wave propagate through the atmo-
sphere with varying water vapour concentrations[36]
(a) 0.1% water vapour (b) 10% water vapour
Fig. 2.4 THz wave pathloss through the atmosphere. A comparison of THz propagation losses is pro-
vided if the the humidity or water vapour concentration is increased from 0.1% to 10% [36]
For a simple free space propagation with less complexity as compared to human skin,
the channel parameters are significantly affected by the variation in water vapour percentage.
The attenuation and noise further increases with distance and frequency, hence the working
frequency range is only suitable for a few millimetre of distance. Further, to realize the
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Fig. 2.5 A Homogeneous model of human skin is numerically simulated in CST Microwave Studio using
a dielectric cube of mm3 dimension. The varying electric field is monitored by equally spaced probes,
where the wave is propagating in +z direction and electric field is in +x direction [24]
Fig. 2.6 Three layer tissue model representing skin, fat and muscle. The two dipoles are vertically
located; one in skin and the other in fat [24]
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feasibility of in-body nanonetworks, a homogeneous skin tissue and a three layer skin model
(Fig.2.5 and 2.6) has also been proposed by incorporating the permittivity values skin in
the THz domain. It was highlighted that at a millimetre distance, the path loss of the skin
is around 90 dB and power loss caused by the interface (layered model) was minimum.
Similarly, molecular noise temperature was evaluated to be 310 K [24]. Although these
models do provide an understanding of communication mechanism inside the human body,
there is still a need to map the complexity of skin properties in the THz domain with actual
measurements. For instance, the effects of hydration, dehydration, molecular variation and
characterization of individual skin layer. The subsequent section focuses on spectroscopy
device set-up and extraction of tissue material properties in a THz domain.
2.3 Literature Review on Tissue Characterization for GHz-
THz Frequencies
The motivation to nanoscale communication stems from the fact that THz radiation is
sensitive to the biological medium and can sense unique spectral features. Health diagnosis
has always been a field of exploration and in need of urgent development. Paragons of
engineering marvels such as EEG, ECG, and Pacemaker etc.[41] have made health diagnose
plausible. The present state of art for medical devices, however fails to provide a detailed
analysis of human body hence the overall application and operation of such devices is limited.
Till date, the dielectric properties for biological material have been restricted to MHz or GHz
of range[42–45]. The initial motive to carry such studies was the stimulative increase in
exposure of people to EM fields from wireless telecommunication and infrastructure. At the
same time, the human body information gathered in this process was further use to model
medical devices operative for diagnosing, monitoring and treating the diseases. Depending
on the range of frequencies, the refractive index spectrum of biological tissues decreases
with increasing frequency and can be divided into three main regions: α,β and γ dispersions
occurring at low, intermediate and high frequencies from some KHz to GHz [46–48].
Nevertheless it would be interesting to note from the early literature that tissue water
content significantly affects the material parameters. Human body is a complex mixture of
tissue layers, blood, water, cells, proteins, DNA etc. However, to understand these properties,
it is quite important to understand the basic structure, physiology and biological constitutes,
skin layers and hydration. This section aims to concentrate on these parts with initial focus
on skin layers. The electromagnetic (EM) material properties are defined by refractive
index and absorption together. To understand the material properties of various tissues in
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general, their nature can be discriminated into polar and non-polar molecules. Propagation
of electromagnetic waves in materials such as dielectrics and conductors is determined by
their electrical parameters [49]. The dielectric response of many polar liquids such as water,
ethanol and acetone varies according to the strength of molecular dipoles and the density of
dipole moments [50]. When an EM wave is propagated through a medium it will have two
components: induce currents of free charges and dipole Moment resulting in re-orientation
of linked charges. Earlier characterization techniques reported [46, 51, 52]were based on
contact probe technique, which calculates the reflection coefficient using network analyser.
For frequencies, from around 100 KHz to 100 MHz there are large changes in dielectric
properties associated with the resistive nature of cell membranes. At frequencies above 100
MHz, differences between tissue types are largely lost, and at all frequencies the dielectric
properties are directly associated with the tissue water content.
2.3.1 Electromagnetic Wave Behaviour in Lossy Biological Medium
A lot of differences exist for electrical properties of biological materials. These differences
are determined, to a large extent, by the fluid content of the material. For example, blood
and brain conduct electric current relatively well. Lungs, skin, fat, and bone are relatively
poor conductors. Liver, spleen, and muscle are intermediate in their conductivities. The
behaviour of biological tissues at RF and microwave frequencies is largely determined by the
electro-chemical behaviour of cells and its cellular structure as well as the intra-cellular fluid
in which the cells are suspended and the internal cellular materials, including the nucleus
[48].
In case of a cell membrane the electrical phenomena are governed by capacitance effect
and building of potential difference across it. At low frequencies (few KHz to MHz)
current flows around the cells but at higher frequencies current flow may penetrate the
cells. The application of an electric field within a medium causes a displacement of charge
whose kinematics give rise to a frequency dependence of its bulk dielectric properties. For
heterogeneous materials such as biological tissues, polarization at the interfaces is established
and then decay away in time. A comprehensive review of this topic is given by Foster and
Schwan [53]. There has been extensive research on various biological samples but our initial
interest lies in skin tissues [54]. This section will cover most of the biological material
measured so far from MHz to THz of range.
Electrical properties of a material are a measure of its ability to interact with electromag-
netic energy. As this interaction results from the presence of biological entities within the
material that can be affected by the electric force generated by the electromagnetic (EM)
fields, a material’s electrical properties are a direct consequence of its composition and
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structure. Radio-frequency exposure of biological systems is usually specified in terms of
physical characteristics as modulation (continuous wave or pulsed) and incident electric-field
strength, incident power density, source frequency, type and zone of exposure (near or far
field), and duration of exposure. The coupling of RF energy into biological systems may
be quantified by the induced electric fields, power deposition, energy absorption, and the
distribution and penetration into biological tissues. These quantities are all functions of its
relationship to the physical configuration and dimension of the biological body [55].
An electric field results from a potential difference supported across a medium and
is therefore not possible within a pure conductor. Free space has dielectric properties by
virtue of the energy temporarily borrowed to create short lived virtual charges to support
an electric field. Many other dielectrics exhibit phenomena which also contribute to their
permittivity such as the ability to support current flow (both ionic and displacement currents)
and molecular polarisation. It is normal to refer to the relative permittivity,
ε = εr ∗ ε0 (6)
Where, εr is the relative permittivity of a material with respect to free space permittivity,
ε0. The relative permittivity of a dielectric is defined as the factor by which the capacitance
of a capacitor increases when the volume between and around its plates is filled with the
dielectric as compared with free space. It is known that the permittivity of a dielectric is
determined by its molecular/atomic structure but no theory exists to relate the two. It is
also known that permittivity is often frequency and temperature dependent, since certain
phenomena which determine its permittivity are functions of frequency and temperature
[56]. Furthermore, the permittivity differs for the various phases of the material which is
unsurprising since the concentration of particles and their bonding differs in each phase.
Various theories have been proposed to describe the permittivity of mixed dielectrics from its
constituent ingredients, concentration and particle size and shape. These have been useful in
describing the behaviour of solutions, suspensions and complex structures of dielectrics [57].
In non-magnetic materials such as biological tissues, an EM field primarily acts upon
entities within the material that possess a net electric charge and an electric dipole moment.
Polar molecules are the main source of electric dipole moments in tissues and are the
additional sources. Polar molecules such as water and other biological entities such as protein
structures, can translate and rotate in response to an applied sinusoidal electric field. The
translation and rotation is impeded by inertia and by viscous forces. Since reorientation of
polar molecules does not occur instantaneously, this gives rise to a time-dependent behaviour
known as the relaxation process in biological tissues. Under the influence of RF electric
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fields at frequencies up to 100 MHz molecules and cells would rearrange and form chains
along the direction of the field.
In case of microwave radiation, when such lossy samples are exposed to the radiation, the
release of heat is so instantaneous, that thermal phenomena of conduction, convection and
radiation play only a secondary role in temperature equilibrium. The sample molecules are
polarized, and dipole rotation accompanied by intermolecular friction and hysteresis takes
place. For a typical soft tissue, different mechanisms dominate at different frequency ranges
[52]:
At low frequencies (typically below several hundred kilohertz), the conductivity of the
tissue is dominated by conduction in the electrolytes in the extracellular space. The bulk
conductivity of the tissue is then a sensitive function of the volume fraction of extracellular
space and the conductivity of the extracellular medium. At low frequencies (below about
0.1 MHz), electric current largely passes through the extracellular space, and the tissue
conductivity is a sensitive function of the extracellular volume fraction. Any changes in
the fluid distribution between intracellular and extracellular compartments can lead to a
pronounced change in the low-frequency conductivity of the tissue. At low frequencies, the
tissue exhibits a dispersion (the alpha dispersion), centred in the low kilohertz range, due to
several physical processes. These include polarization of counter-ions near charged surfaces
in the tissue and possibly the polarization of large membrane-bound structures in the tissue.
At frequencies below the alpha dispersion, the relative permittivity of tissue reaches very
high values, in the tens of millions. The alpha dispersion is very apparent in the permittivity
but hardly noticeable in the conductivity of the tissue [58].
At RF, the tissue exhibits a dispersion (the beta dispersion), centred in the range 0.1 to
10 MHz, due to the charging of cell membranes through the intracellular and extracellular
media. Above the beta dispersion, the cell membranes have negligible impedance, and the
current passes through both the extracellular and intracellular media. The beta dispersion is
apparent in both the permittivity and conductivity of the tissue. At microwave frequencies
(above 1 GHz), the tissue exhibits a dispersion (the gamma dispersion) due to rotational
relaxation of tissue water. This dispersion is centred at 20 GHz and is the same as that found
in pure liquid water. In addition to these three major dispersions, other smaller dispersions
occur due to rotational relaxation of bound water or tissue proteins, charging of membranes
of intracellular organelles, and other effects. These dispersions overlap in frequency and lead
to a broad and often featureless dielectric dispersion in tissue.
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2.3.2 Tissue Measurement Techniques
The accurate measurement and deconvolution of the dielectric spectrum of polar solutions
requires broadband frequency measurements across ranges as great as 1 MHz to 1 THz.
Some of the techniques are briefly described in this section, aim to provide the reader with
basic of measurement in microwave region of the electromagnetic spectrum [59–61].
• Vector Network Analyser
Network Analysers (VNAs) are generally used for measuring complex reflection coef-
ficient from RF to millimetre-wave frequencies, but techniques that were in common
use before VNAs became widely available are also referred to in this section as they
remain of metrological interest. Time Domain Reflectometry (TDR) can also be used
to obtain complex reflection coefficients using Fourier Transform techniques. The
vector network analyser (VNA) has become the standard tool and microwave source
for component and circuit testing and material characterisation. Able to monitor both
magnitude and phase information, VNAs are well suited to signal transmission and
reflection measurements, ideal for the purpose of dielectric characterisation. Typi-
cal VNAs function with a two-port set-up with a built-in signal generator, receiver,
processor and display.
More advanced devices operate with four ports and two signal generators though
such devices are beyond the need of measurements conducted within this thesis. The
built-in signal generator is a continuous wave (CW) source capable of covering a large
frequency range. Many modern VNAs will typically cover ranges of 1 KHz to 3-10
GHz or 50 MHz to 20-67 GHz though extensions can provide a CW source up to
1 THz. The VNA functions with stepped frequency measurements such that single
frequency measurements are made before the frequency is increased and the measure-
ment repeated. The receiver measures the magnitude and phase of the transmitted or
reflect wave. In order to accurately ascertain the phase of the measurement signal
a reference is split from the the source that is later combined with the measurement
signal in a phase detector whose output is proportional to the phase difference. A
typical measurement is made in terms of the S-parameters of a sweep. For frequencies
up to 70 GHz the source signal is carried in a coaxial cable to the device or sample
under measurement. Above this frequency waveguides are used due to the complexity
and tolerances involved in manufacturing coaxial cables small enough to support a
fundamental mode above 70 GHz.
• Coaxial Measurement and Waveguide
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Methods in which the conductors have the same cross-sectional dimensions throughout
the measurement volume. The important feature in this approach is that as there are no
discontinuities in the conductors evanescent modes are not launched, so fundamental-
mode transmission-line theory can be used. A theory that expresses complex reflection
coefficient in terms of complex permittivity can be derived by satisfying electromag-
netic field boundary conditions at each dielectric interface. It is easily extended to
multiple layers. Open-ended coaxial sensor designs are well suited for measurements
on liquids, gels, and solid materials that are malleable enough to allow perfect contact
with the face of the sensor without any air gaps. They are particularly valuable where
non-invasive measurements are needed.
Dielectric measurements with coaxial cables for accurate high frequency spectroscopy
have only been made possible in the last few decades owing to improved manufacturing
techniques. For low frequency permittivity characterisation, coaxial cables become
large and for higher frequencies coaxial cables require small dimensions to suppress
higher order modes and maintain accuracy. The coaxial cable comprises of a cylindrical
inner and a tubular outer electrical conductor separated by a low-loss dielectric. The
first advantage of using this type of transmission line is the confinement of the electric
and magnetic field within the dielectric component of the cable thereby shielding the
signal from external influence. The dimensions are held constant over the length of
the cable thus maintaining a constant impedance for the propagating electromagnetic
wave. The second notable advantage of coaxial cables is that they can be engineered to
be flexible and thus bent without any or little change in the phase of the propagating
wave. The properties of conducting interfaces instil boundary conditions on incident
waves that, in the case of a coaxial cable waveguide confine the electromagnetic
wave between the inner and outer conductor. These boundary conditions confine the
type of wave that can be excited within the transmission line. Only one type of field
distribution, the transverse electromagnetic (TEM) mode (no electric or magnetic field
in the direction of propagation), can be excited and at any frequency within the coaxial
cable. The field distribution of the mode is of a radial nature from the inner to outer
conductor. At high enough frequencies other defined modes exist such as transverse
electric (TE) and transverse magnetic (TM) modes. Currents exist at the surface of
the conductors though the wave does not propagate into the bulk of the material. It is
preferential to maintain a single mode for all frequencies when making measurements
of for communication to prevent unwanted interference and loss of information.
• Resonators
2.3 Literature Review on Tissue Characterization for GHz-THz Frequencies 39
The complex permittivity of polar liquids may also be measured using resonators
and cavities. These may have one or two couplings, respectively for transmission
or reflection measurements. Q-factors are usually measured these days by using
VNAs . Measurements can be made only at resonant frequencies. In transmission
measurements, resonators are normally used with weak couplings to minimize loading
by the measuring instrument. For measurements on lossy materials the filling- factor
— the ratio of stored electromagnetic energy in the sample on resonance to the energy
in the entire volume of the resonator must be small to enable a reasonable Q-factor
(e.g. 100 or more) to be obtained.
• Admittance Cell
At lower frequencies (LF), typically below 10MHz, measurements on both solids
and liquids are commonly carried out in capacitance cells – more strictly they are
admittance cells because loss is also measured in them. However, liquid measurements
of this type do have important implications for measurements at higher RF and Mi-
crowave frequencies, because they can be used to establish the static i.e. low frequency
or liquids that contain free charge carriers. There is an important limitation to such
methods namely the electrode polarization effect. If this effect is not compensated for
or avoided, spurious measurement results are obtained. The measurement errors arise
effectively because series impedances are set up at electrodes to which charge carriers
in the liquid are attracted. The carriers tend to conglomerate, because they cannot
pass into the electrode itself. Polar liquids like water and shorter chain n-alcohols do
contain free charge carriers, because a portion of their molecules are ionized, and so
LF measurements on such liquids generally suffer from this effect.
• Time-Domain Measurement
Time-Domain (TD) methods for determining dielectric properties are based on the
measurement of signal responses as a function of time from a specimen when it is
excited with a transient signal, e.g. a pulse or a step of applied voltage. Time Domain
Reflectometry (TDR), may be a treated as a distributed component in a travelling
wave system, typically by being contained in part of a coaxial transmission line. TDR
is the most commonly used time domain method for dielectrics. Conversion of the
time-domain information in the response signal to the frequency domain provides
information on specimen dielectric properties at all frequencies at which there is
significant amplitude in the Fourier Transform of the stimulating pulse/step. Typically,
this amplitude falls with increasing frequency, so the method usually becomes less
sensitive and less accurate as one approaches the upper limits of the frequency coverage.
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However the coverage of fast sampling techniques nowadays includes the whole of the
microwave spectrum up to THz frequencies and above
In open literatures [3, 4, 62–65], the spectral range of 0.1 – 10 THz is exploited for wide
range of applications in biomedical mainly to better understand the water dynamic, security
, dental,tissue imaging, human cortical bone, protein folding and unfolding. The strong
absorption of terahertz radiation by water shows that terahertz imaging is very sensitive to
changes in the water content of materials, and this can therefore be exploited for biomedical
applications [66, 67]. Water is a polar molecule and is highly absorbing in the THz region.
Water has a simple molecular structure; it comprises two hydrogen atoms covalently bonded to
one oxygen.The oxygen molecule has 4 electrons in its outer shell, two of which bond with the
hydrogen atoms and two remain unshared making the oxygen atom electronegative compared
with hydrogen.Individual water molecules are able to vibrate in a number of ways. In the gas
state, the vibrations involve combinations of stretching and bending of the covalent bonds,
including symmetrical stretching where bonds stretch in unison, asymmetrical stretching
where bonds stretch in opposing directions. Symmetrical and asymmetrical stretching and
bending are molecular vibrations and rocking, wagging and twisting can be thought of as
restricted molecular rotations.The water vapour absorption peak in the atmosphere exists
around 1.1 and 1.7 THz.
Fig. 2.7 Effects of water vapour on a T-ray pulse and its spectrum [24]
In addition, THz region is considered as safe for such applications as compared to
conventional microwave frequencies. Extensive studies have been performed on skin imaging
at these frequencies; Pickwell et al. [68] conducted an in vivo terahertz imaging study from
0.1 - 1.4 THz to investigate the person-to-person variations of terahertz skin properties, and
demonstrated how the thickness of the stratum corneum on the palm of the hand could be
measured non-invasively. THz-TDS is an ideal technology for the determination of material’s
parameters and detection of changes in these parameters depending on different conditions.
The size of THz wave has biological relevance in regards to the following general concepts:
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resolution of imaging applications, scattering properties in the biological tissues and direct
molecular excitation. The THz wavelength is quite comparable to the size of the biological
sample range from um to mm. The photons are known to be scattered by the structures whose
size matches their wavelength, THz waves suffer minimal Rayleigh scattering and undergo
Mie scattering processes as they pass through the biological tissues. A brief review on recent
finding of electrical properties of various tissues and biological entities in the THz range is
provided as below [69–72]:
• Artificial Skin (Collagen)
In paper, artificial skin samples were fabricated. Integra derma regeneration templates
were chosen, divided as monolayer and bilayer. The dynamic range of the THz-TDS
system was approx. 0.1 to 1.5 THz. The measurement was performed in a nitrogen-
based environment and polystyrene was employed as a THz transmitter material. The
refractive index was reported to be 1.2 and 1.6 but no results were published on the
absorption coefficient.
• Excised Human Skin
In paper, excised human tissues were measured in the range approx. 0.5 to 2.5 THz.
Skin, veins, muscles and nerves were the samples of interest. The thickness ranged
from 50 to 200 um, Soft tissue samples were cut approximately to one of four thickness
(50,100, 150 and 200 um). The mean refractive index was report to be 1.69.
• Excised Porcine Skin
In the paper, the samples were divided as unfrozen and frozen/thawed tissues. The
dynamic range was from 0.1 THz to 2 THz roughly. The data obtained for fresh
unfrozen sample two hour post excision and similarly data obtained for frozen sample
two days post excision. The results for frozen tissue was reported to be 2.5 at 0.1 THz
and 2 at 2 THz and for unfrozen the refractive index was reported to be 2 at 0.1 THz
and 1.7 at 2 THz.
• Hair
The main constitute of hair is the alpha-keratin protein and water. This protein takes
the 90% of the total volume while the remaining 10% is for water. This water content
modifies the hair mechanical properties . Different ethnic backgrounds have their own
unique features thus discriminating in colour, density and texture. In this paper, freshly
excised hair samples from the two human subjects were obtained. These samples
were excised using an electric shaver, and then directly placed into sterilized plastic
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containers. 40 gross sections of curly and straight hair samples that varied in thickness
of 0.5 and 5.0 mm; whereby each hair type and sample thickness combination.
It has been reported in [66], that THz radiation with its non-ionizing and non-invasive
innateness, when exposed to cells does not express any changes in DNA repair. The human
skin/tissue material properties in the THz range remain sparse and lack consistency. For the
purpose of establishing EM communication in the THz range for in-body (in-vivo) nanonet-
works, the focus of the subsequent section and later chapters is to construct a comprehensive
database on human skin dielectric properties in the THz band. In addition to dielectric
properties, aim is to provide channel model parameters for skin tissues by characterizing
different layers. This is achieved by extracting the refractive index and absorption coefficient
of the dermis layer from the THz time domain spectroscopy measurements on the real human
skin and these parameters are further used to calculate the pathloss and noise temperature.
Also the results of this paper are compared with the available literature [24], which shows
the improvement in path loss and absorption coefficient measurement for dehydrated tissue.
2.4 Chapter Summary
In this chapter, fundamentals of nanoscale communication inside the human skin was pro-
vided. The concept of nanoscale communication and specifically its application to healthcare
is still at its infancy. However, with increasing demands in data-rates, small-scale devices
and transparent information exchange, communication THz frequencies have become the
ultimate choice. Also known as millimetre waves, they have already been exploited in the
field of material characterization such as weapon screening, drugs, semiconductors, atmo-
spheric gases etc. Since their popularity in meteorology and the ability to identify spectral
peaks of various molecules such as oxygen, hydrogen and water vapours, they have been
recently introduced for short-range communication. The focus is given on the motivation
behind using THz frequencies for nanoscale communication inside the human skin. The
effectiveness of proposed nanodevices (graphene antennas) is highly dependent on medium
of communication, hence THz channel parameters are studied keeping in mind the hetero-
geneity of human skin. Presently, the channel parameters for the free space and simplified
skin tissue models (which are numerically simulated) have been proposed. However, more
details on experimental characterization real human skin and effects of skin diversity on
channel parameters are yet to be explored. Drawing knowledge from the existing optical
properties of skin in the THz domain, water has been identified as a hindrance to extract
spectral signatures of the tissue. While this is true, but at the same time variation in water
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dynamics can reveal a lot of information on human health and its effect on THz channel
propagation characteristics.
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Chapter 3
THz Characterization of Dehydrated
Human Skin Tissue
This chapter presents experimental study of real human skin material parameter extraction
based on Terahertz (THz) Time Domain Spectroscopy in the band 0.1 - 2.5 THz. Results in
this chapter show that electromagnetic properties of the human skin distinctively affects the
pathloss and noise temperature parameters of the communication link, which are vital for
channel modelling of in-body nano-networks. Refractive index and absorption coefficient
values are evaluated for dermis layer of the human skin. Repeatability and consistency of the
data is accounted for in the experimental investigation and the morphology of the skin tissue
is verified using a standard optical microscope.The measured parameters i.e. the refractive
index and absorption coefficient are 2.1 and 18.45 cm−1, respectively at 1 THz for a real
human skin, which are vital for developing and optimizing future in-body nano-networks.
3.1 Pulsed THz-Time Domain Spectroscopy
THz-TDS is a coherent detection technique, which allows retrieving of both phase and
amplitude data. Therefore, it becomes rather simple to extract the refractive index and
absorption coefficient of a material in the THz band. On the other hand, FTIR and Raman
use the complex models and indirect computation, such as the Kramers-Kronig to retrieve the
complex dielectric constant [1]. In THz–TDS, not only the absorption but also the dispersion
of the sample can be obtained by analysing the Fourier transform of the waveforms. The
emergence of femtosecond lasers and photoconductive antennas during the 1980s made
it possible to use THz waves for various applications [2] covering biomedical sciences,
pharmacology and security.
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In 1975, Bell Laboratories and the IBM T. J. Watson Research center demonstrated
that ultrafast laser pulse on the order of 100 femtosecond (fs) when impinged a biased
semiconductor, also known as “Auston switch” could create a picosecond (ps) current
transient. This time-dependent current radiates classically in the far field and contains
frequency components in the THz frequency range between 0.1 and 4 THz [3]. The THz
optical bench can be aligned in two configurations: Reflection and Transmission [4]. Usually,
both the configurations can be used with slight variation in alignment in regards to THz beam
path length and direction. Reflection geometry is good for highly absorption materials, and
transmission is convenient in terms of alignment. Hence, a more popular choice of pulsed
THz-TDS in transmission mode will be discussed further in detail.
Fig. 3.1 Flowchart of THz wave generation using a semiconductor, most popular choice is low tempera-
ture gallium arsenide (LT-GaAs) and electro-optic detection based on pockel’s effect
With the advancement in semiconductor technology and optics, different methods have
been proposed for generation and detection of THz wave [5]. In this thesis, the focus is
on generation of THz wave utilizing photocurrent in a semiconductor and detection via
probing a non-linear crystal in a transmission mode [6–8]. The basic components of a pulsed
THz-TDS consists of a femtosecond laser system with output power of around 1 watt, a
photoconductive (PC) antenna as the THz emitter. The femtosecond pulses incident on the
emitter are transformed into single-cycle electrical pulses with a period of one picosecond
in the time domain [9]. The optical THz bench is complete with a mechanical delay stage,
reflective optics (mirrors), a sample holder and a detector system.
A PC antenna consists of two metal strips deposited on a semiconductor substrate. Low
temperature Gallium Arsenide (LT-GaAs) is extensively used for this purpose. Advantages
3.1 Pulsed THz-Time Domain Spectroscopy 52
are its short carrier lifetime and relatively high carrier mobility [10]. The metal strips are
usually made of gold for its good conductivity with a small gap at the centre. This gap is the
active region where the femtosecond optical pulses are focused [11, 12]. The high intensity
femtosecond optical pulses are probed with activation energy greater than the band gap of
room temperature GaAs (1.43eV) [13]. This results in emission of photocarriers accelerated
under the influence of an external DC bias. The photocarriers are shifted towards anode
and the following recombination results in a pulsed photocurrent. The photocurrent density
J(t), is related to the convolution between the laser pump intensity, Plaser(t), and the impulse
response (qn(t)v(t)) of the photoconductive antenna [14],
J(t) = Plaser(t)∗ [qn(t)v(t)] (7)
where n(t) is the photocarrier density , v(t) is the photocarrier velocity , q is the electron
charge and ∗ is the convolution operator.
Thus, upon laser illumination, a rapid rise in the photocurrent can be observed, followed
by a longer decay due to a finite carrier lifetime. This transient current radiates a coherent
electric pulse, which, at the far field, is proportional to the first-order derivative of the






This photocurrent varies in time corresponding to the incident laser beam intensity by
first rising rapidly upon generation of photocarriers, and then decaying with a time constant
given by the carrier lifetime of GaAs [16]. We can treat emitter structure as a small capacitor
with capacity C, bias voltage V and capacitive energy 12CV
2 [17]. This energy is discharged
when circuit is closed by the photogenerated current and radiate THz pulses. The energy
of the THz pulses originates form the power supply by recharging the capacitor. The PC
antenna is excited by incoming ultra-short laser pulses.
These pulses are the focused with reflective optics, transmitted through the sample in
a holder and reach the detector system. A mechanical delay line or a translation stage
introduces the time delay between generated and detected pulses. The electro-optic (EO)
detection of THz wave is based on Pockel’s effect [12], briefly it is the change of birefringence
of a non-linear crystal usually ZnTe, in an external electric field. As mentioned earlier, the
laser beam is bifurcated as two: pump for THz generation and probe beam for detection.The
detector signal current is proportional to the THz electric field, which allows phase sensitive
measurement i.e. evaluating phase difference between two samples. Both the beams should
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coincide spatially and temporally, at the detector to sense any changes induced as a results of
transmission through the sample. This effect is usually a change of polarization, which is
turned into a change of optical power by a polariser.
Fig. 3.2 Schematic of THz Time Domain Spectroscopy with electro-optic detection system and photo-
conductive generation in a transmission geometry. A metallic rotating sample holder by bruker is used
to measure the skin tissues
A polarizing beam splitter, which can be viewed as a second polariser rotated 90 degrees
from the first polariser, is used to split and direct the polarization rotation that the THz
field induces on the probe beam and to achieve intensity modulation of the polarization
[18]. This is a typical crossed polariser detection method [19, 20]. A pair of balanced
photodiodes is used to analyse the split polarization rotations. The amplitude and phase of
the THz-radiation pulse are measured by recording the phase change of femtosecond near
infrared laser pulses travelling collinearly and simultaneously with the THz radiation pulses
through the electro-optic crystal, that is, ZnTe. The electric field of the THz radiation induces
a change of the refractive index of the crystal via the linear EO effect such that the crystal
becomes birefringent. It is observed that EO detection is noise sensitive, and there exists a
clear trade-off between the noise sensitivity and frequency response. The slow variation in
the arrival time of the probe pulse, that is, sequential sampling of a repetitive signal, results
in the measurement of a full waveform of a periodic signal.
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3.1.1 Extraction of Material Properties
A broadband T-ray signal transmitted through or reflected from a material sample is influenced
by the absorption and dispersion of the sample. A change in the transmitted signal hence
relates to the optical properties of the sample, which can be extracted via the physical models
of a propagating wave. The measured signal is in fact a convolution between the incident
T-ray field, the optical probe pulse, and the system response. a T-ray signal that passes
through a dielectric sample with parallel surfaces at a normal angle of incidence, assuming








where, η is the transmission factor of free air surrounding the sample; n̂s is the complex
refractive index of the sample; n◦ is the refractive index of free space and l is the propagation
length inside the sample, which equals the sample thickness for a normal angle of incidence.
Similarly, the propagation of wave through free space (reference measurement), signal
measured with the same settings but in the absence of the sample is given by:




The material parameter extraction process requires these two spectra, Esample(ω) and
Ere f erence(ω), which are Fourier transformed from time-domain measurements. Normalizing
the sample spectrum by the reference, or Esample(ω)Ere f erence(ω) , results in the complex transfer function
of the sample in the frequency domain. This value is usually approximated to real value of











Taking the argument and logarithm of the simplified transfer function gives phase and






The value ∠H(ω) can be numerically solved in Matlab c⃝, which is the phase difference
φsamp(ω)−φre f (ω) between the sample and the reference equivalent to the different phase
velocities in the sample.








Since the data obtained is originally in time domain, the extracted parameters in frequency
domain are first evaluated with Fast Fourier Transform (FFT) which provide the amplitude
of the signal (Fig.3.3).



















(a) THz signal transmitted through free space





























(b) Amplitude of free space signal after fast Fourier transform (FFT)
Fig. 3.3 THz signal in (a) time domain and (b) frequency domain
The signal after approximately 2.5 THz approaches the noise floor, hence it can be
ignored. The amplitude as seen in Fig.3.3 (b) decrease with frequency and the bandwidth
of the spectrometer is defined by the noise floor. The available amplitude extracted by
Fourier transformed THz pulses gives an upper limit to the absorption coefficient of samples
depending on the dynamic range. The dynamic range (DR) is defined as the signal above the
noise floor in the spectrum where the noise floor level is set to 1 [17]. The air fluctuations
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seem in the signal plot can be reduced by sealing the THz optical path with plastic film. The
experiments both for sample and reference (free space) have been strictly conducted at a
stable humidity level of RH 3-4%. The path can also be made less lossy with the help of
nitrogen purging or simple by flowing dry air. However, with the current state of THz-TDS
equipment available, it was only possible to carry the measurement in free space.
3.2 THz-TDS Optical Bench at Queen Mary University of
London
The exposition of THz spectroscopy is the time domain measurement where pulsed THz wave
is mixed with sampling optical pulses in a detector [25]. The tool utilizes similar concepts
of pump-probe technique, where the optical beam is split into two parts, one of which goes
through a transnational stage to provide a relative time delay.The THz-TDS at Queen Mary
University of London (QMUL) [26] has a typical range of 0.1-4 THz, which provides access
to broader spectral analysis.The optical bench assembly consists of a femtosecond (fs) laser
source - Ti:Sapphire set to 800 nm wavelength and peak power of 1 W. It produces train of
pulses at a repetition rate of 80 MHz and duration of 100 fs. The beam splitter divides the
incoming radiation in two: pump and probe beam for coherent generation and detection of
THz radiation. The intensity of generated THz radiation depends on the amount of incident
beam and thus the splitter allows majority of pump beam to reach the emitter. The delay
stage has maximum travel distance of 15cm and provides a cross-correlation measurement of
THz waveform.
The delay line is mechanically controlled and for each sampled point, a different delay
position is assigned. THz emitter is low Temperature (LT) GaAs photoconductive antenna
with a biased voltage of 200 V and a gap size of approximately 0.5 mm, which makes the
laser beam positioning easier. The femtosecond pulses are fed to this antenna with activation
energy greater than the bandgap of LT-GaAs (1.43 eV). The generated photocarriers results in
pulsed photocurrent, which is directly proportional to the THz field. The system is operational
in transmission mode with a typical resolution of around 14.6 GHz. The radiation is focused
on the sample with a help of aluminium coated off-axis parabolic mirrors of beam diameter,
2 mm. The transmitted wave without the sample is the reference data of either free space
air or a transparent material. A lock-in amplifier modulates the THz signal and records the
detected signal.
A ZnTe crystal is employed as an electro-optic detector with a thickness of 2 mm, which
allows enough interaction length of probe beam and THz wave in the crystal [26]. A linearly
3.2 THz-TDS Optical Bench at Queen Mary University of London 57
Fig. 3.4 THz-TDS optical bench aligned at Queen Mary University of London
polarized optical probe beam goes through a polariser and then travels through the EO crystal.
A quarter wave plate (QWP) located after the EO crystal changes the ellipticity of the probe
beam and a Wollaston prism separates the two perpendicular components of the elliptical
polarization [7, 27]. Each polarization intensity is detected by a photo-diode. When no THz
wave is illuminating the EO crystal, the ellipticity of the probe beam can be set so that both
polarizations are equal and, therefore, the net current from the photo-diodes assembly is
zero. When a THz wave illuminates the EO crystal, the electric field associated with the
THz wave changes the birefringence of the material and, thus, it changes the ellipticity of
the probe beam. This change in ellipticity breaks the balance between the two polarization
and, therefore, a net current is generated at the photodiodes assembly that is proportional to
the amplitude of the electric field of the THz wave. Autobalanced detectors based on EO
sampling are commercially available.
For optical bench alignment, there are three main critical components: paths for pump
beam, probe beam and detection system.The pump beam contains transnational stage pro-
viding mechanical delay, THz emitter and radiation optics.The probe beam path consists
of balanced photodetector and electro-optic (EO) detection system. Both the beams have
to combine at the detector, meaning the paths should be of equal length. The alignment
is mostly done for THz path and detector since they probe to vibrational noises from the
surroundings. It is advisable to safeguard it with compressed air cushion so that the bench is
always floating.
While aligning, the pump beam should always pass through the center of the irises
and could be either focused or collimated. The bench at QMUL is installed for focused
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measurements. The four parabolic mirrors are placed in two pairs and the incoming THz
is focused at the center, where a sample holder mount is placed. For EO detection system,
ZnTe crystal, quarter wave place(QWP), wollaston prism,balanced photodiode detector and
two flat mirrors are aligned consecutively. The probe beam is first made to coincide with
pump beam. For final aliment, the pump beam is blocked. Overall, the alignment is very
mechanical, i.e., the specific location of components cannot be calculated, it depends on
direction of laser beam to getting maximum intensity. As a final step, two flat surface mirrors
are used to direct the two beams accurately onto the two balanced diodes.
3.2.1 Anatomy of Human Skin
Skin layer can be divided into three major layers: epidermis, dermis and fat with definitive
thickness and functionality. However, the structure is far more complex and random. In this
study, the skin for in-body network is investigated for three fold reasons: firstly, most of the
in-body functioning or dis-functioning affects the skin (and water concentration). Secondly,
skin is rich in biological entities and structures such as blood vessels, sweat ducts, capillaries,
proteins etc., and finally it is easily accessible for measurement making it a versatile subject
of THz-TDS.
Skin in the human body is a protective layer, sensor of multiple parameters such as
pressure and temperature. The epidermis is the thin outer layer (as shown in Fig.3.6), which
can be further divided as: Stratum Corneum (SC), Keratinocytes and Basal membrane. SC
consist of mature keratinocytes, which contains fibrous protein namely keratin. The layer
just beneath is keratinocytes containing live cells that mature and forms SC. The deepest
layer of epidermis is the basal membrane responsible for preparing new keratinocytes and
replacing the old ones [28, 29]. The thickest (around 3 mm) of all is the dermis (Fig.3.5)
lying just beneath epidermis, which houses vital entities such as sweat glands, hair follicles
(as shown in Fig.3.5 (b and c)), and nerve endings. This layer is rich in proteins such as
elastin, fibrin, fibrogen and collagen. Collagen forms an extra cellular matrix, acting as
scaffolding for the dermis. The last layer of the skin is a network of collagen and fat cells,
known as subcutaneous layer.
The subsequent section in this chapter aims to characterize real human skin via THz-TDS,
while evaluating material properties and comparing the measured results to numerical data.
The sample consists of two layers: epidermis and dermis, however, epidermis is very thin
in comparison to dermis. In this work, the material properties of dermis part of the skin
are investigated. The epidermis mainly consists of keratinocytes and dermis is a result of
many protein structures and fibroblast cells. Although epidermis is an amalgamation of many
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(a) Histology of breast tissue stained with H and E with
traces of blood, visible as bright red lines in contract to
the pink color of the remaining part
(b) Longitudinal section of the hair follicle attached to
a sweat duct in the dermis layer
(c) Cross-section of oval shaped hair follicle structure.
The hair follicles are mainly present in dermis layer
acting as sensory receptors
Fig. 3.5 Microscopic image of real human skin presenting the two defined layers: Epidermis and Dermis.
The sample sections were stained using Haematoxylin (purple/blue stain) and Eosin (red/pink stain),
used for identifying nuclei and cytoplasm respectively. Stratum Corneum (SC) traces were visible in the
microscopy, however the thickness is not quantifiable
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different layers as explained before but this is challenging to identify at a microscopic level.
However a layer of stratum corneum is slightly visible.
3.2.2 THz Time Domain Spectroscopy of The Human Skin
Human skin is mainly composed of water [30], which leads to high absorption of THz
radiation during the measurement. Hence, in this section the material properties of dry skin
samples are investigated, which have been stored in glycerol over the past 10 years aiding in
preserving the structural integrity of the tissue. This is mainly for controlled experimental
purposes and also provides the cornerstone for measuring the effects of sample dehydration
at THz frequencies. Moreover, freshly excised skin samples are measured to account for
parallel studies. Glycerol treated samples; specifically the dermal layer remains unperturbed,
when examined in standard light microscopy. When comparing to a freshly excised skin
the only change that would be expected is the hydration level. Since, these samples have
been preserved for over a span of 10 years, their hydration level is expected to be low. Hence
only observe shrinkage of some keratinocytes is observed, which indicated the dehydration
of tissue samples [31]. To validate this morphological behaviour, the sample images were
recorded through standard optical microscope (Fig.3.5).
The biological studies are performed in collaboration with the Subcutaneous group of the
Blizard Institute at QMUL. The sample initially consisted of the following layers: epidermis,
dermis and fat. From the measurement perspective, the main focus is investigating the
different layers of the skin; for the same reason dermis layer was sliced and separated from
fat, since this layer is the thickest and adobe of many biological entities. The samples were
wedged between two TPX (Polymethylpentene) slabs with a spacer of known thickness.
TPX is used as a sample holder, since it is transparent to THz radiation; the light is mostly
transmitted through the sample with minimal absorption in TPX [33]. In this case, for
reference Polymethylpenthene (TPX) polymer slabs of 2.71 mm thickness was used as it
has a low-loss refractive index 1.46 and absorption coefficient was reported less than 1
cm−1. The sample is measured by wedging it between TPX slabs mounted in a bruker liquid
cell (sample holder) with a polytetrafluoroethylene (PTFE) spacer of thickness 200 µm. A
lock-in amplifier modulates the THz signal and records the detected signal. The time domain
data is recorded on the computer for air, TPX and collagen gels remotely using customized
LabView® program.
These measurements are performed applying the aforementioned THz TDS system and
therefore phase and amplitude information are collected and post processed using transfer
equation based algorithm (section 2.3.1). The TDS pulses are generated and detected via
mode locked laser. The lock-in amplifier locks and records the detected THz data for all
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Fig. 3.6 Illustration of different layers of human skin where the skin surface is stratum corneum layer
of thickness approximately less than 100 µm and just below is epidermis and dermis with an effective
thickness of around 3 mm [32]
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three samples – air, TPX and skin and is aided by a computer-generated program written
in LabView®. In this study, the incoming THz signal consists of total 1024 consecutive
samples, which are recorded at each position of the delay stage. THz-time domain data takes
the form of a single pulse, with a period of 1 ps, followed by a series of attenuated pulses
arising either from reflections at the interface of components within the TDS system, or from
etalon (Fabry-Perot) reflections within the sample itself.
3.2.3 Skin Tissue Electric Properties Extraction
To quantify the interaction of THz wave with given samples, at least two basic material
parameters needs to be determined i.e., refractive index and absorption coefficient. The
measured time domain data is converted to frequency domain by using Fast Fourier Transform
(FFT) to acquire amplitude and phase information.























Fig. 3.7 Measured THz pulses through air, TPX and tissue. As expected the biological sample is highly
attenuated and second peak is almost lost due to absorption with maximum peak value of 2.2 mV in
comparison to air with second peak value of 6.7 mV
The measured time domain signal for the sample, air and TPX are shown in Fig.3.7
and it can be seen from the figure that the biological sample is highly attenuated and the
second peak is almost diminished for the sample. The transmission through TPX is used as a
reference data with its main peak at 15.7 ps and attenuated satellite peak at 27.6 ps. In order
to extract the material properties, it is essential to have a time delay between the reference
3.2 THz-TDS Optical Bench at Queen Mary University of London 63
and sample data. Figure 3.7 shows that the sample is shifted with respect to TPX with its
main peak at 20 ps and satellite peak at 31.9 ps. The oscillations and attenuation in the data
is due to presence of water vapour in the atmosphere.
The results for refractive index and absorption coefficient are illustrated in Fig.3.8 (a
and b) respectively. Results show that refractive index values decreases and absorption
coefficient increases with frequency, which depends on the sample type and dynamic range
of the system. Table 3.1 shows the extracted parameters at certain chosen frequencies. The
measured refractive index results are compared with [34, 35] and are in agreement with the
published literature; however it’s still a challenge to predict the nature and biological details
of the samples.
The samples used in these papers, were either sliced porcine, in-vivo human skin or
frozen samples. For in-vivo skin, the measurements were done directly on the volunteers.
It is important to note that skin structure is layered and intricate; therefore it is essential to
comprehend material properties of different layers of the skin. In this paper, we deliberately
measured dermis layer of the skin and found out that at 1 THz the refractive index value is
2.1, which decreases to 1.8 at 1.2 THz. The absorption coefficient values are considerably
low due to uniform dehydration of the sample. This amounts to the fact that water in tissue
dermis layer plays a significant role when interacting with THz radiation. Repeatability of
experimental techniques and hence stability of obtained parameters value is investigated
by repeating each measurement four times on the same sample with the thickness intact
resulting in consistent refractive index value.









The presented experimental results on refractive index and absorption are utilized to
evaluate the path loss and molecular absorption noise temperature of the THz channel in
human tissues. These are based on radiative transfer theory and can be divided as: the
spreading path loss and the absorption path loss as explained in section (2.2.1). The pathloss
is as a result of absorption and spreading pathloss. These parameters significantly influence
the propagation schemes. It is illustrated that the value is significantly low due to absence of
water in the tissue. The noise tends to increase with the increase in frequency; however this
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Refractive Index [pickwell et al.]
(a) Refractive index as a function of frequency































(b) Absorption coefficient as a function of frequency
Fig. 3.8 Extracted (a) refractive index, which decreases with the increasing frequency from 0.8 THz to
1.2 THz (b) absorption coefficient; the alpha value is significantly low due to the dehydration and the
main absorption of THz radiation is as a result of atmospheric water vapour
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(b) Molecular noise temperature (Kelvin) of dehydrated dermis layer
Fig. 3.9 The figure illustrated (a) total pathloss and (b) molecular noise temperature as a function of
distance and frequency for human skin
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is rather fluctuating and not gradual owing to the fact that noise spectral density is influenced
by molecular absorption.
The two-channel modelling features (i.e, path loss and noise temperature) are illustrated
in Fig.3.9 (a and b) accentuating the premise of this experimental study. Total pathloss as
shown in Fig.3.9 (a) is a sum of spreading and absorption pathloss and vary as a function
of frequency and distance. At 1 THz and at the distance of 1 mm, the pathloss is around
52.12 dB, which gradually increases with distance and frequency. The results presented in
this paper are for dehydrated sample; hence the absorption due to water is relatively low. In
[36], the numerically modelled skin pathloss is around 150 dB at 1 THz, which is higher
as compared to the results presented in this paper hence illustrates that water present in the
dermis is the main source of attenuation and need further research. The sample has no traces
of stratum corneum but thin layer of epidermis and hair follicles are still present. Thus, these
results encompass attenuation due to microscopically visible biological entities present in the
tissue.
The molecular noise temperature for real skin is shown in Fig.3.9 (b). It can be seen that
the noise temperature increases with the increase in frequency and distance, which will lead
to the rise of the noise power. Theoretical results illustrated in paper [37, 36], highlights that
at a millimetre level, the noise temperature is not very high (300 K). Experimental results
validates that up to 1 mm, the noise level is permissible for a communication link to exist
inside the dermis layer. However, further research is needed to investigate these parameters
for different layers of skin and from different parts of the body. Results in this paper highlight
that the path loss is not only the function of distance and frequency but also related to the
dielectric loss of human tissues.
3.3 Chapter Summary
Nano-networks aim to offer comprehensive and unambiguous healthcare solutions for medical
diagnostic systems. The study of optical properties via THz TDS contributes to intricate and
vital human body information. The results presented in this paper sustain consistency of the
biological sample. The characterization of dehydrated sample attributes to a low absorption
coefficient value as compared to fresh tissue. This study suggests that water plays a vital role
even when optimizing channel models. The noise temperature results, up to 1 mm proves to
be substantial for establishing communication links in the skin dermis layer. The results of
this study are significant for optimizing future in-body Nano-networks inside the human body.
These results aid to applications in medical sensor technologies for tumours and breast cancer
owing to the sensitivity of THz-TDS to water dynamics. The next steps aim to encompass
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fresh tissues while considering tissues from various parts of the body in addition to different
layers of the skin to outline complete understanding of the skin properties in the THz range.
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Chapter 4
Characterization of Freshly Excised
Breast and Abdomen Skin Using
THz-TDS
This chapter focuses on THz-time domain spectroscopy of freshly excised skin tissues from
different parts of the body namely, breast and abdomen. Intricate biological features like the
change in hydration level, fibre orientation and density of extra-cellular matrix (dermis layer)
are explored. Further more experimentally evaluated material properties are extracted and
applied to analytical and analysis of the THz propagation channel characteristics.
4.1 Breast and Abdomen Tissue Morphology
The characteristics of electromagnetic waves propagating inside human body at THz fre-
quencies have been studied in , which shows that path loss has a relation with the absorption
coefficient of human tissues [1]. In [2], the electrical properties (conductivity and permittivity
values) of each layer have been investigated depending on the water content of each layer.
The skin tissues were represented by a three-layer simplified structure i.e. stratum corneum
(SC), epidermis, and dermis and dimensions are shown by standard light microscope images
(Fig.4.1 and 4.3). The roughness of boundaries between the SC and epidermis was considered
in the skin model as the order of magnitude for THz wavelength and roughness dimensions
were comparable, since sweat glands are distributed almost all over the human body and
represent a form of cooling in humans [3].
Although a virtual computational environment provides freedom to create heterogeneous
layered skin structure with different thickness, boundary conditions and other electrical
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(a) Histology of breast tissue stained with H and E with traces of blood, visible as
bright red lines in contract to the pink colour of the remaining part
(b) Histology of breast tissue stained with H and E with traces of Stratum Corneum
layer as seem from the top by a standard light microscope
(c) Histology of breast tissue with defined layers of the skin
Fig. 4.1 Standard light microscope imaging of breast tissue focusing on the fibre orientation formation
in the extra-cellular matrix.
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parameters to generate propagation theories. However, it is still essential to perform exper-
imental validation for real-time results. To address various factors involved in designing
an experiment, animal tissues were initially employed, especially rats to investigate the
physiological parameters. The bio-sensors and implantable antennas were inserted in the
interstitial fluid under the skin to access body temperature, blood pressure and other vitals
[4]. Thus with the impending nanodevices and its potential health diagnostic applications,
channel parameters were evaluated in chapter 2, for dried human skin tissue with focus on
the influence of hydration of the skin on pathloss and molecular noise temperature. In this
chapter, channel parameters are characterized for freshly excised skin tissue from different
parts of the body namely, breast and abdomen and also data is extracted for skin parameters
at different angles of THz-TDS bench sample holder.
Normal human breast reduction and abdominoplasty skin specimens from female patients
aged 30-35 were obtained with informed consent. The East London and City Health Authority
Research Ethics Committee approved the use of redundant human skin and the protocols for
obtaining patient skin biopsies (09/HO704/69). Excess adipose tissue was removed and skin
samples were trimmed to 2x3 cm−1. All the samples (Fig.4.5) were acquired from the Blizard
Institute, Barts and London School of Medicine and Dentistry, London. The samples were
obtained within a few hours of surgery and stored overnight in growth media - Dulbecco’s
Modified Eagle’s Medium (DMEM,Sigma Aldrich) to keep the morphology intact. The
human breast is an inhomogeneous mixture of fat cells and proteins, where in, water and
lipid concentration is 31% and 57%, respectively [5, 6]. It is composed of the superficial
epidermis which contains keratins and melanin and the underlying dense collagenous dermis
which contains a very intricate network of dermal blood and vessels that lie close to the skin
surface. As elsewhere on the human body, the abdominal skin is transgressed by langer lines,
also called cleavage lines. This is a term used to define the direction within the skin along
which the skin has the least flexibility and corresponds to the alignment of the collagen fibres
within the dermis [7].
4.1.1 Tissue Measurement
THz spectroscopy of the samples was done in transmission mode by carefully wedging the
samples between TPX plates. The thickness of 210 µm was defined with help of a plastic
spacer. Excess water and media was removed by placing the samples for 15minutes in a 50
µm sterile cell strainer and later pat drying with a tissue paper. There were clear differences
in both tissue appearances - breast tissue (Fig.4.5(a and b)) was more pink than abdominal
tissue, having smooth surface with some traces of blood.
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(a) (b)
Fig. 4.2 (a) The breast tissue pressed gently to a thickness of 200 µm with visible traces of blood (b)
Sample holder rotated to an angle of 45◦ in the x-y plane with respect to the bench
(a) Histology of abdominal tissue illustrating a dense
fibrous structure
(b) Histology of abdominal tissue illustrating intri-
cate dermis fibres
Fig. 4.3 Standard light microscopy imaging of abdominal tissue. When compared to breast tissue history,
the abdominal tissue seems to have a denser extra cellular matrix
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The abdominal tissue on the other hand, had surface wrinkles and traces of fat below
the dermis. Once the sample are fixed to the holder on the THz optical bench, the ultra-
short pulses propagate through the sample and the data acquisition happens in time-domain.
Further, the same extraction procedure is followed as discussed in chapter 2.
4.2 Characterization and Extraction of Optical Parame-
ters of Real Skin Tissues
The sample holder (Fig.4.2 and 4.4) is fixed on a magnetic mount, in a way that the incoming
THz beam is transmitted through the sample at room temperature between 23-24◦C. The
excised tissue samples were sliced in rectangular shapes to fit the sample holder and THz
scanning was performed for about 4-5 times to verify the consistency of the data. The time
domain data was obtained from the measurement and Fourier transform analysis of tissue
sample was done. The system is subjected to laser intensity fluctuation and electronic noise
in the detection part of the bench. Moreover, varying humidity levels can result in additional
water vapour peaks from the atmosphere. A typical working range frequency varies with the
sample type and more importantly its hydration level. Usually, the working range is from
0.3-2.5 THz and a gradual roll-off is expected at high frequencies until the detected signal
level approaches that of the noise floor.
Fig. 4.4 Schematic of THz bench with sample holder rotation
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(a) Abdominal tissue (b) Breast tissue
Fig. 4.5 Freshly excised tissue sliced for THz-TDS measurement
In figure 4.6, the refractive index of breast tissue is illustrated at a rotation of 0◦ and 45◦.
The difference in phase spectra of the sample in comparison to that of reference, influences
the refractive index value. In Fig.4.6a, the empirical values at 0.8THz and 1THz are 2.01
and 2.36 respectively, while the modelled values at the same frequencies are 2 and 2.43
with a root mean squared error (RMSE) of 0.068. Non-linear least square model fitting was
done with the help of Matlab (version 9.1.0.441655 R2016b) software. The RMSE value
provides an error difference between the measured values and predicted by a model. The
goodness of the fit was ensured with R-square and adjusted R-square values as 0.998. The
R-square values represent the strength of relationship between the measured and modelled
values. However, it could easily overestimate the fitted model, this could be prevented by
evaluating adjusted R-square values.
In figure 4.6b, the sample holder was rotated to an angle of 45 ◦ using a standard scale.
The motivation behind this measurement was to investigate the refractive index and absorption
coefficient value due to the change in tissue fibre orientation. In paper [8], angle-dependent
measurement of amino acid crystals was made investigating the absorption spectra from 0◦
to 90◦. Linearly polarized THz radiation with a rotation stage in a THz-TDS spectrometer
was used to determine the direction of the oscillating dipole of the molecules in the crystals.
From extensive research made in the field of imaging [9], it can be asserted that human tissue
is a dense fibrous structure, which is anisotropic in nature. The fibre orientation not only
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effect the image analysis, but could exaggerate certain morphological features, that could be
captured by incoming linearly polarized THz wave.
The measured refractive index value of breast tissue with 45◦ rotation is 3.8 and 3.71 at
0.8 THz and 1THz respectively (Table 4.2), whereas modelled values at same frequencies
are 3.78 and 3.7 with RMSE of 0.03. As before, the R-square and adjusted R-square value
evaluated, is 0.99. Just by comparing the measured values of the figures (4.6 (a and b)), it is
clear that the refractive at 45◦ is increased by a factor of 1.89 at 0.8 THz and 1.56 at 1 THz.
The increase could be due to the fact that the THz beam has transmitted through specific
regions of the tissue, which reduces the speed of propagation. The time taken by the THz
wave at 1 THz, to propagate through tissue with no rotation is 3.36 ps where for rotated
tissue, it is 5.04 ps. Hence, it seems that variation in orientation of the fibres could affect the
propagation of THz wave inside the tissue.
In the field of biology, collagen fibre orientation affects skin ageing [10, 11], the detailed
analysis of which will be formally introduced in chapter 5. Other mechanical changes such as
stress (bending or twisting) of the tissue could also affect the THz communication inside the
body, hence to establish an in-body network these anomalies are important to address. With
the current THz setup, it is hard to exactly highlight the changes in biomolecular activity due
significant water absorption. The tissue sample under test has both epidermis and dermis
layer (Fig.4.1). Dermis is the dense fibrous extra-cellular matrix whereas epidermis is thin
transparent-like barrier layer made of keratinocytes. Biological samples are lossy especially
with high sensitivity of THz radiation to water, thus the amplitude values in frequency
domain, are significantly reduced. In a natural tissue-like environment the continuum of
strongly damped intermolecular modes makes featureless spectra; only at higher (4–10 THz)
frequencies are some intramolecular modes in solution observed [12].









Table 4.2 Measured Refractive Index and Absorption Coefficient of Breast with 45◦rotation









Breast tissue characterization has been immensely popular in the field of THz imaging for
cancer diagnosis. Both the absorption coefficient and refractive index were higher for tissue
that contained tumour and this indicates that THz imaging could be used to detect margins of
tumour [13]. The comparison between cancerous and normal tissue draws ones attention to
the fact, that change in bio-molecular (mainly proteins and water molecules) activity affects
the effective morphology. Having said this, the inhomogeneous behaviour of breast tissue
could form complex molecular chains thereby affecting the THz optical properties.
The absorption coefficient value is a conspicuous indication of signal attenuation due
to polar nature of water [14]. From figure 4.7, the absorption coefficient values increases
monotonically with frequency and steeply decreases after 1.2THz due to system’s dynamic
range. The breast tissue at 0◦ has an empirical value of 161 cm−1 and increases upto 331
cm−1 at frequencies 1THz and 1.2THz respectively (Table 4.1). When the sample is rotated
to 45◦, the value (at same frequencies) are 37 cm−1 and 106 cm−1. The absorption spectra
was modelled with non-linear least square fitting with RMSE value of 9.05 and 13.27 for 0◦
and 45◦. In addition to this, the R-square and adjusted R-square values for tissue with no
rotation is calculates as 0.99 and 0.98, while for the later one it is 0.98 and 0.97 respectively.
On comparing both the values, the absorption spectra significantly decreases when the
sample is rotated to an angle of 45◦. Since tissue is a complex layered structure, there could
be many variables adding to this change - 1) THz wave is sensitive to fibre orientation of the
sample ; 2) the THz wave propagation is incident on a specific region of the tissue, indicating
the presence of some morphological anomalies. Although more theoretical evidence is
required to reason out the measured value. However, at present emphasis is given on the
sensitivity of THz-TDS for heterogeneous behaviour of complex tissue.
The abdominal tissue is expected to be more lossy due to high water content and dense
extra-cellular matrix. During the data acquisition, most of the time domain value before
0.9 THz were lost owing to THz-TDS electronic noise. However, the system was still able
to map the data point from 0.95 THz to 1.6 THz. There scarcity of experimental data for
abdomen tissue in regards to THz characterization. However, the biomolecular behaviour
and morphology should be similar to skin as for other parts of the human body. The only
difference one could expect is the dense extra-cellular matrix and hydration level. The
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(a) Refractive index of breast tissue at 0 ◦angle

























(b) The refractive index spectra of breast tissue when the sample is tilted to an angle of 45◦
Fig. 4.6 Empirical value of refractive index for breast tissue ranges from 0.75THz to 1.2THz. Non-linear
least square modelling is done to fit the measured value with 95% confidence interval
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(a) Absorption coefficient of breast tissue at 0◦angle with 95% confidence interval































(b) Absorption Coefficient at 45◦ rotation with 95% confidence interval
Fig. 4.7 Absorption coefficient values of breast tissue increases as a function of frequency and roll-off
data after 1.2THz neglected owing to system dynamic range and artefacts
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refractive index and absorption coefficient of abdomen tissue are illustrated in figure 4.8
(a and b) respectively. The refractive index value at 1.2THz and 1.4THz is 4.2 and 3.3
respectively (Table 4.3). The refractive index value are much consistent from 1.2 THz to 1.5
THz. The RMSE value is 0.064 and R-square and adjusted R-square values are 0.99. The
model values the same set of frequencies (1.2 THz and 1.4 THz) are 4.1 and 3.36 respectively.
The excised abdominal tissue seems to have higher percentage of biological water as the
absorption coefficient value at 1.2 THz is 198 cm−1 and at 1.4 THz is 186 cm−1.









Apart from the absorption due to atmospheric water vapour, the oscillatory behaviour
of the plot could be because of Fabry-Perot reflection when the THz wave is transmitted
through the tissue. The modelled value are similar to that of measured with RMSE of 17.85
and R-square and adjusted R-squared values of 0.90 and 0.86 respectively. The above given
results represent an ex-vivo study of the optical properties. Due to the current limitations of
THz-TDS set-up, in-vivo measurement is complicated and the penetration in transmission
geometry will be limited to first few millimetres (stratum corneum and epidermis) of the skin.
Hence ex-vivo analysis gives the freedom to study the skin layer by layer and to ensure its
exactness to real live human skin, morphological freshness is important after excision.
The above parameters represent the skin properties in the THz region and consequently
an effective medium for THz communication for in-vivo nanonetworks.
As already explained, the channel parameters for in-body nanodevice communication:
pathloss and molecular noise temperature parameters, are a function of wave propagation
distance and frequency. Figure 4.9 (a ,b and c) illustrates the pathloss for breast and abdominal
tissue respectively. The empirical values of absorption coefficient and refractive index are
use to numerically evaluate the channel parameters. Pathloss is defined by the properties of
the medium, which in this case is the excised human skin. With the current state of art, it
is challenging to investigate these parameters for live human skin. Hence, an excised skin
with intact morphology is assumed to represent the structural properties of different parts of
the human body. Within the available range (0.5-2 THz) for THz characterization of skin,
it is very unlikely to observe any bio-molecular spectral fingerprints. Hence, the channel
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(a) The refractive index spectra for abdominal tissue with 95% confidence interval































(b) The Absorption Coefficient value of abdominal tissue with 95% confidence interval
Fig. 4.8 Optical parameters of abdominal tissue (a) The refractive index calculated for abdominal tissue
with a working frequency range upto 1.6 THz.The spectra below 0.95 THz is disregarded due to signal
fluctuations (b) The Absorption Coefficient value at 1 THz is 250 cm−1 due to high water concentration
of the sample and atmospheric water vapour
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(c) The pathloss for abdominal tissue
Fig. 4.9 The pathloss values for both breast (a and b) and abdomen tissue (c) vary as a function of
frequency and distance. The value vary depending on the tissue type and also the fibre orientation. The
pathloss for abdomen tissue at 200 µm, 1THz is 53.34 dB where for the breast tissue at 0◦ rotation is 37
dB
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(c) The molecular noise temperature for abdominal tissue
Fig. 4.10 The molecular noise temperature for breast tissue numerically plotted for measured optical
parameters. It depends on the absorption due to molecules present in the medium and increases with
frequency and distance. For breast tissue with 0◦, the value is almost consistent upto 1THz and then
monotonically increases. Whereas for 45◦ rotation, the value is consistent from 1-1.1 THz. Similarly for
abdominal tissue, the value to consistent upto 0.9 THz
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parameters take into consideration the skin morphology of a few mm-scale. The pathloss is
dependent on spreading and absorption of the propagating wave.
The breast tissue (Fig.4.9 (a and b)) at 1THz with no rotation, has a pathloss of 8 dB
travelling a distance of 20 µm. To understand in terms of skin morphology (and layers), if it
is assumed that the nano-devices are located just at the periphery (just below the outer most
later) of stratum corneum, the signal strength is reduced to 8 dB. As the waves transmits
further keeping the frequency constant, the signal strength starts to reduce by 1-2dB at a
steady rate. Assuming that the path length is same as the thickness of sample measured, at
200 µm the pathloss value is 37 dB. If the frequency is increased to 1.2 THz at a distance of
200 µm ,the pathloss increases to a value of 60dB. Similarly for breast tissue at 45◦ rotation
has a pathloss value (1 THz, 200µm) of 38 dB, suggesting that the angle dependent THz
measurement could affect the pathloss as well, specially in medical emergency cases where
a skin ageing, disease or an accident can change the tissue fibre orientation. Similarly for
abdomen tissue, the value is relatively high (53.34 dB). This suggests that different tissue
samples from the same human body vary in hydration level(and biomolecular activity),
posing challenges to establish a universal communication channel mapping the entire body.
In paper [15], the total molecular absorption was computed for free space propagation.
The pathloss for propagation in air was compared with 0.1 and 10% humidity. Air is a mixture
of different gas molecules and water vapours. In the terahertz band, these molecules present
in a standard medium significantly affects the channel performance. Due to the spreading loss,
the total path loss increases with both the distance and the frequency, independently of the
molecular composition of the channel. However, several peaks of attenuation can be observed
due to the molecular absorption loss. The wave incurs more losses when propagation in skin
as compared to free space and could vary for different tissue type. This opens door to further
analysis of individual biomolecules in the skin that could potentially affect these parameters
having specific absorption spectral peaks.
In an in-body communication system, the noise could have two possible sources, elec-
tronic noise of the nanodevice at the receive and molecular absorption noise of the channel.
In this section, the results are presented for channel medium noise alone for both breast
and abdomen tissue (Fig.4.10). At 1 THz and distance of less than 1mm, the molecular
temperature noise inside human skin is expected to be much higher than free space. Hence,
this further limits the transmission window for in-body communication. For instance, for
breast tissue (Fig.4.10(a)), the value increases monotonically with frequency and distance,
with dependence on the measured absorption coefficient values. However, in the very short
range (less than 1 mm) and the presence of less water molecules could result in very low noise
temperatures. On comparing the noise value between figure 4.10 (a and b), the molecular
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noise temperature for instance at, 1 THz decreases for breast tissue when rotated to an angle
of 45◦. This again indicates the importance of taking tissue orientation as one of the factor
when optimizing the channel parameters. Similarly, for abdomen tissue, the molecular noise
temperature at the same frequency is higher than breast tissue (at both rotation angles),
indicating the presence of higher water concentration.
4.3 Chapter Summary
The chapter provided a detailed analysis of optical properties - refractive index and absorption
coefficient of different tissue type (breast and abdomen). In addition to this, angle dependent
measurement was also performed on breast tissue highlighting the importance of fibre
orientation and possible changes in the biomolecular activity of the tissue. The main aim
of nanonetwork communication system, is to be able to map the entire body and extract
information. The skin tissue data from different part of the body provide a complete medium
coverage for in-vivo communication. The tissue is highly complex in terms of hydration level,
fat content and various other biological entities (blood, sweat-ducts etc.). Therefore, the
presented data open doors to evaluate channel capabilities for different tissue type including
fibre orientation. The presence of water vapour molecules is again the main loss factor
affecting the properties of the terahertz channel. Experimental investigation of individual
tissue layers is challenging to study with bulk human skin samples, hence in the next chapter
the reader will be introduced to skin substitutes and dwell into the intricate biological features.
Within the scope of presented tissue channel parameters, the pathloss and molecular noise
temperature value are relatively higher than free space and could be affected by additional
tissue fibre orientation variation due to specific biomolecular activity or mechanical stress.
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Chapter 5
THz Characterization of Skin
Substitutes for In-Body Nanonetworks
This chapter presents the investigation of the electromagnetic properties of human skin
tissues using Terahertz Time Domain Spectroscopy (THz-TDS). The material parameters
i.e. refractive index and absorption coefficient are extracted for artificially synthesized skin
model, cultured using fibroblast cells and collagen type I reagent. The increase in cell
count number by 200% will cause a distinctive decrease in refractive index and absorption
coefficient values. Further, a 3D model (organotypics) is introduced in section 5.2, wherein
the same material parameters are investigated for a more complex structure comprising
of both epidermis and dermis layer. In addition to material parameters, in-body channel
parameters i.e. total pathloss and molecular noise temperature of the skin are also calculated.
The results show the dependency of channel parameters on molecular features and hydration
level of the skin. Such findings will pave the way for more rigorous THz channel analysis
and network modelling to be applied for body-centric nano-communication specifically in
the bioengineering domain.
5.1 Fibroblasts Cell Number Density based Collagen
5.1.1 Introduction
Experimental investigation and a study is performed on the material properties of artificial
human skin dermis layer (2D model) in addition to in-body nano-network channel parameters
within the THz range of frequencies. Skin makes an interesting choice of study, since it is the
most abundant tissue present and offers dynamic analysis due to its varied hydration levels
throughout the human body. The variation in tissue hydration influences the texture and
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dimension, which in turn could affect the material properties. From a biology perspective,
skin is a complex layered structure. However, for simplicity it can be divided into three main
visibly defined layers: stratum corneum, dermis and subcutaneous fat. Out of these, dermis
is the thickest and most abundant in water, hence resemble to properties of that of free water
[1, 2].
Its main constituent is collagen, a fibrous protein rich in glycine and proline, that is a
major component of the extracellular matrix and connective tissues. The collagen fibres
are made of tiny fibrils that are arranged in individual bundles in parallel fashion of wide
range of widths and thickness. They cross each other in all directions but remain parallel to
the tissue surface. In the dermis, collagen fibres are believed to be a major source of light
scattering [3].
Hence collagen is the most widely used for medicinal purposes such as, treating tissue
burns, drug delivery system, controlling material for transdermal delivery and as surgical
suture [4]. Many natural polymers and their synthetic substitutes are used as biomaterials,
but the unique characteristics play an important role in the formation of tissues and organs.
For instance, collagen when compared with Integra Derma, Allograft and Opsite (systhetic
substitute) exhibits superior bio-compatibility and constitutes more than 30% of skin tissue.
It forms extra fine fibres through its self-aggregation and cross-linking capabilities. Whereas
other synthetic tissues are mainly polymer-like cultured from non-biological molecules.
The biological modelling and characterization of collagen is at its infancy and needs an
in-depth investigation. The dielectric behaviour of tissues have been extensively studied from
microwave to optical range of frequencies for excised animal and complex biomolecules
[5, 6]. EM spectrum ranging from 0.1-10 THz bridges the gap between microwave and
optical frequencies and has growing number of applications as mentioned above. Its unique
spectral features and sensitivity to water, makes it a viable technique for investigating material
properties of tissues, skin layers and hydration dynamics [7, 8].
Some papers [2, 9–12] have covered wide range of domains that investigate cell-protein
interaction of collagen, hydration dynamics and THz TDS of artificial skin. The results
published in open literature for optical properties of collagen are limited and differ in
methodology. However, the material extraction techniques remain similar in most of these
papers. For instance, in paper [9], Integra Derma regeneration templates divided as monolayer
and bilayer were investigated for extraction of THz material parameters. Further, the data
was recorded for both hydrated and dehydrated samples. The refractive index values for
dehydrated monolayer and bilayer are 1.2 and 1.4 respectively. The author also experimented
the hydrated samples by varying their saline concentration but no material parameters were
reported. Hence, it becomes rather complex to verify any change in hydration or dehydration
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level of these samples. Work done by A.G. Markelz [10], focuses on THz TDS of DNA,
bovine serum albumin and collagen in the working range of 0.1-2 THz. While providing
detailed analysis of other biomolecules, the work on collagen is again sparse. Experimental
evaluation was done keeping in mind the humidity levels, which is important as THz wave
is highly absorbed by water. Only the absorbance of collagen was reported in this paper,
however it does provide some insight to hydration dependence of collagen.
Most protein molecules including collagen have been evolutionary selected to have
biological activity in aqueous environments. In paper [13], protein hydration shell and its
role in collagen recognition was investigated. A way to generalize the properties of these
tissues is asserting water as the topological basis for all skin. There is no denying in the
fact that different tissues have different water hydration level, evidently age also plays an
important role. In this paper, characterization of collagen (i.e., material parameter extraction)
is performed using THz TDS by varying the cell number density. The results demonstrated
in this paper, enable us to develop channel parameters - pathloss and molecular noise
temperature, for actual human tissue. Aim is to establish a comprehensive understanding
of collagen structure and construe these novel findings to develop THz channel propagation
models.
5.1.2 Biological Modelling of 2D Artificial Skin: Collagen
Collagen, in its primitive form is a complex isotropic network of tangled fibrils and restraining
a randomly structured matrix of highly hydrated protein compounds [14]. The molecular
arrangement into fibrils is stabilized by the formation of covalent cross-links, which finally
contribute to the mechanical resilience of collagen fibrils. In this work, rat-tail type I collagen
is used as a base reagent for gel preparation (Fig. 5.1). Type I is the most abundant and
naturally occurs in tendons, skin, ligaments and many interstitial connective tissues. Collagen
reagent together with human fibroblasts cells forms the two vital components of the gel.
Fig. 5.1 (Left) Artificially synthesized collagen layer at the Blizard Institute, QMUL and (Right) Fibrob-
lasts cells assisting the growth of collagen samples.
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The fibroblast cells (Fig.5.1 (right)) suspended in Foetal Bovine Serum (FBS) containing
essential nutrients and growth factors. In addition, the gels are supplemented with concen-
trated Modified Eagles Medium (MEM) which also contains a balance of nutrients for feeding
the fibroblasts.In order for the gels to set, a small quantity of sodium hydroxide is added drop
wise to the collagen-fibroblast mix, until the pH indicator in the MEM turns from orange
to pink. The gels are then incubated (5% CO2) for gelation at 37◦C for approximately 45
minutes. Collagen gels were prepared in this study by varying the number of fibroblast cells
and fixing the concentration of collagen reagent to 8 parts of 3.8 mg/ml. The cell number
was estimated while observing them in a standard light microscope using a haemocytometer.
The aim is to investigate any variations in material parameters due to the differences
introduced in the composition of collagen gels. Once, the initial gelation has taken place, their
diameters were measured to observe any signs of contraction. They were allowed to contract
to their maximum value, by keeping them in an incubator for a week. The diameter was
measured again. Contraction of these gels is an important phenomenon, since the interaction
of fibroblasts with collagen solution affects the thickness and overall water mass of the
samples [15]. Since, it has been established that THz radiation is sensitive to changes in
hydration level, it was expected to observe some unique difference in material parameters:
refractive index and absorption coefficient due to the change in number of fibroblast cells.
5.1.3 Measured Material Parameter
To evaluate both phase and magnitude, Fast Fourier Transform (FFT) is applied on the
data. The measured time domain signal for the different samples (collagen by varying cell
concentration), air and TPX are shown in figure 5.2 and it can be seen from the figure that
the biological sample is highly attenuated. The signal level attenuation of biological sample
can be compared with air and TPX, where the peak intensity for collagen is reduced to 5mV
for 500k cells and similarly for 300k and 100k. The oscillations and attenuation in the data is
due to presence of water vapours in the atmosphere.
Sensitivity of THz radiation is dependent not only on the amount of water present but also
the way in which the layers associate with water. In addition to water dynamics, the number of
fibroblast cells seeded specifically for artificial skin samples, also plays an important role both
in hydration level and thickness. The impact is not direct, but still is a necessary parameter to
be considered while investigation optical properties of such structures. To understand the
influence of number of fibroblast cells, it is necessary to review the fundamental mechanism
involved in formation of collagen gels. In many types of connective tissue such as dermis
layer of the skin, the matrix-secreting cells are called fibroblasts.
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Fig. 5.2 THz transmission through reference plate TPX, air and cultured collagen samples of varying
(1×105, 3×105 and 5×105) number of fibroblasts cells with stock solution concentration fixed.
In 1990, P. Rompre and group [11] proposed a Box-Behnken analysis to study the
effects of the collagen and fibroblast concentrations on gel thickness. The results presented,
verify that with increasing number of fibroblasts cells with respect to low collagen reagent
concentration, the contraction increases and hence diameter of gel decreases. In the same
line of work and keeping our focus on THz spectroscopy of artificial skin, the subsequent
section provides details on sample preparation, cell number variation and material parameters.
Referring to section 2.3.1, the same extraction algorithm was used to evaluate the refractive
index and absorption coefficient of the samples (Fig.5.3 (a and b)). Table 5.1 provides cell
number variation and final diameter of the samples after contraction. It can be seen from
the table that with increasing number of fibroblasts cells the final diameter of the samples
decreases. This highlights the fact that the capacity of cell compaction of collagen fibrils,
leads to reduction in volume referred to as lattice contraction. The contraction is preceded by
cell-generated force that reduces the water mass between collagen fibres [15].
In this work, the thickness of the samples were deliberately kept constant so as to avoid
any variation in refractive index values due to change in thickness. At 1 THz, the refractive
index of the samples from 100k to 500k decreases consistently (as shown in Fig.5.3(a)).
This suggests that concentration of water molecules do play a definitive role in changing the
intrinsic nature of collagen. Sensitivity of THz radiation is dependent not only on the amount
of water present but also the way in which the layers associate with water. The collagen
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(a) Refractive index of collagen samples of varying (1×105, 3×105 and 5×105) number
of fibroblasts cells with stock solution concentration fixed

































(b) Absorption coefficient of collagen samples of varying (1×105, 3×105 and 5×105)
number of fibroblasts cells with stock solution concentration fixed
Fig. 5.3 (a) Refractive Index ranging from 0.5-1.3 THz illustrates that with increasing frequency the
value decreases. For samples with 100k and 300k, the value of refractive index is 2.2 and 2 respectively
at 1 THz. However, for sample with 500k cells the value decreases to 1.2 highlighting the dynamics
of collagen protein and water molecules. (b) The absorption coefficient calculated for 100k, 300k and
500k cells; the extra water outside the sample was carefully removed without excessively dehydrating
the samples. The measured absorption coefficient is dependent on the hydration level and structure of
collagen
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(c) Coll1 – 500k cells
Fig. 5.4 Total pathloss as a function of frequency and distance for three different cell number densities
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(c) Coll1 – 500k cells
Fig. 5.5 Molecular Noise Temperature as a function of frequency and distance of varying cell number
density
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sample (Table 5.1, coll1) with less number of fibroblast cells demonstrates refractive index
values closer to that of water [2].
Similarly, absorption coefficient values (Fig.5.3(b)) are affected and decreased sharply
for collagen with 500k cells. Other factors that could affect both material properties are
atmospheric water vapours, gradual dehydration of samples (while performing the measure-
ments) and etalon (also called Fabry-Perot) reflections. The first two scenarios can only be
achieved in an ideal surrounding and later need further analysis. The presented value of
absorption coefficient for figure 5.3(b) are higher due to high water content in the tissue and
less contraction of cells. Maximum absorption coefficient can be measured in transmission
mode by the dynamic range (DR) of the system. In this work, DR is expected to vary with
the sample and is between 15-20 dB.











Coll1 100k 2.5 2 0.5
Coll3 300k 1.8 1.6 0.2
Coll5 500k 1.6 1.5 0.1
As DR approaches its maximum value, the noise increases rapidly and any absorption
coefficient features after this are invalid. The working frequency for figure 5.3(a) is from
0.4 to 1.3 THz whereas for figure 5.3(b) it is 0.9-1.25 THz. For better understanding, the
noise level and irrelevant absorption coefficient peaks are truncated from the results. The
absorption coefficient values for coll1 and coll2 at 1 THz are 72 cm−1 and 95 cm−1 whereas
for coll3, the value sharply decreases to 40 cm−1 at 0.8 THz. For coll3, the noise is high
since absorption coefficient rolls-off after 0.9 THz and then sharply increases.
Measured refractive index and absorption coefficient values are used to calculate pathloss
and molecular noise temperature underlying skin as the channel medium. Both the channel
parameters as function of frequency and distance are illustrated in figure 5.4 and 5.5. Pathloss
is shown in figure 5.4 for different cell number density. In reference [16] it was highlighted
the total absorption depends on the number of molecules that propagating wave encounters.
Although, in a real human skin one expects to observe multiple varying features such as
hydration level, saline concentration, collagen fibre alignment and cells number density. The
applied variation in fibroblast cell number demonstrates one of the important features of
human skin conformation. It can be seen from figure 5.4 (c) that the pathloss at 0.9 THz is
much lower than figure 5.4 (a) and (b) due to increased cell number density and reduced water
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mass of collagen. As illustrated in figure 5.5 (a-c), variation in cell number density affects the
molecular noise temperature keeping skin as the channel medium. For transmission distance
up to 1mm, the noise is high for samples: Coll1 (Fig.5.5a) and Coll3 (Fig.5.5b), whereas for
Coll5 (Fig.5.5c) the value steeply decreases. This is due to the fact that with increasing cell
number density, the total water mass (hydration level) of collagen samples decreases. The
results for both pathloss and molecular noise temperature demonstrate high dependence on
molecular features and hydration level of the skin.
5.1.4 Collagen Fibre Alignment
A different set of collagen samples were prepared to investigate the fibre orientation and
overall morphology. These fibroblast cell number density was slightly different (2×105,
4×105, 6×105 and 8×105) however the difference of 200% is still the same. The samples
were first prepared using a critical point drier technique at the School of Engineering and
Material Science (SEMS, QMUL). They were then fixed with glutaraldehyde 2.5% for 1
hour before dehydrating with a successive series of dilution in ethanol and then passed to
the critical point drier.The samples were then brought to Nanovision Centre at Queen Mary
University of London for scanning electron microscopy (SEM) imaging.
Fig. 5.6 Dried collagen samples glued to the metallic stage for SEM imaging
The imaging stage (Fig5.6) was prepared by sputtering it with thin (5-10 nm) layer of
gold. The samples were fixed on a metal mount with a glue and left for drying for about
1-2 minutes. The stage chamber was then vacumed to a pressure of 2.58×10−4mbar to
5.2 3D skin model - Organotypics Characterization 99
remove atmospheric water vapours. From figure 5.7 and 5.8, it can be seen the arrangement
of collagen fibres in long parallel cylindrical shapes. As the number of cells increases, the
sample’s morphology seems to be more dense. Although, the fibres have the tendency to
spread in random orientation, but they always grow on top of each other (Fig.5.7) to form
a dense extra cellular matrix. In case of figure 5.9, the sample is imaged from one side, to
measure the thickness (35.31 µm) of the sample. In addition to this, it can be inferred that the
samples form layer of fibres always growing parallel to the plane suggesting a 2D geometry.
5.2 3D skin model - Organotypics Characterization
Cell culture refers to the removal of cells, such as fibroblasts and keratinocytes, from a tissue
before their growth to a favourable artificial environment. In section 5.1, tissue culture of
2D skin monolayer-collagen, was discussed extensively. Recalling briefly, the cells were
seeded in a plastic flask in an artificial environment aided by growth medium that supplies
the essential nutrients such carbohydrates, vitamins, glucose, minerals etc., and are then left
to proliferate in an incubator. Depending on the number of cells, they were then mixed with
collagen type 1 reagent. However, there are certain missing links which prevents mimicking
natural biological mechanisms. In such a method, communication between the cells is only
restricted to the flat surface of the flask. The environment is non-physiologically uniform
and the cells are not allowed to pile on top of one another, but are forced into monolayer
morphology [17].
Skin is a multilayer heterogeneous organ and a monolayer model is primitive resulting
in a homogeneous cell population. Some of the parameters that are overlooked includes:
mechanical properties, communication between the cell (different cell types) and its matrix,
and communication between adjacent cells. Organotypic cultures (also known as co-culture
and 3D cell culture) provide the necessary complexity to the skin model by amalgamating
both, epithelial layer and a mixture of extracellular matrix protein [section 5.1]- collagen
and fibroblasts [18]. Skin performs various functions such as UV absorption, immune
surveillance and act as sensory units for touch, temperature, pain and hydration [19]. These
functions are nothing but generating body information through efficient communication
between epidermis (epithelium tissue) and dermis (extra-cellular matrix/connective tissue).
Epithelium and connective tissue are functionally interdependent units within organs and
are integrated with nerves and muscle to varying degrees depending on their organ specific
function [20].
The efficient 3D cell aggregation involves the formation of a base layer called scaffold-
ing, essentially the dermis layer same as collagen (section 5.1.2). The third dimension is
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Fig. 5.7 Collagen fibres in cylindrical form aligned
parallel to each other giving a final dense extra-
cellular matrix
Fig. 5.8 Varying thickness of individual collagen fi-
bres
Fig. 5.9 Collagen sample are seen from one side of
the sample. The sample is completely dry, hence the
thickness reduces to 35.31 µm
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introduced by culturing different cell types in a tissue specific formation. This is achieved
by reconstructing human epidermis with the aid of proliferating and differentiating human
keratinocytes [21, 22]. The final structure is prepared in an air-liquid interface environment
with 2-3 weeks, wherein the epidermis equivalent covers collagen base layer. As reported in
references [23], epidermis consists of carbohydrate polymers and stratum corneum lipids
that organize as a liquid crystal to form a barrier to permeability of fluids.
In the field of biology and tissue engineering, the re-constructed artificial skin model
are investigated for applications such as pathogen interactions,skin ageing, tissue repair
(scars and burns),and drug trials. Similarly, in an era of inter-disciplinary research, 3D
skin modelling has transpired to many engineering and physics domains. Some of the
examples are, mechanical characterization [24], imaging [25], organ-on-chips [26] and 3D
bio-printing [27]. In this section, the aim is to pioneer the electromagnetic characterization
of organotypics in the THz region focusing on calculation of channel parameters for in-body
nanonetworks.
5.2.1 Material and Methods of Organotypic Culture
All cell culture was performed in a laminar flow hood under aseptic conditions in accordance
with standard tissue culture technique. Dermal fibroblasts (DF) isolation: Skin was incubated
in 2.5 mg/ml dispase II (Sigma-Aldrich, Poole, UK) in PBS overnight at 4◦C, then the
epidermis was peeled off and discarded. The remaining dermis was excised into small pieces
and incubated overnight in 0.5mg/ml collagenase D (Roche, Indianapolis, USA) at 37◦C, 5%
CO2, 90-100% RH. The sample was briefly shaken well to release dermal fibroblasts from
the dermis, then passed through a 100 µm filter to separate cells from dermal matrix. The cell
suspension was centrifuged at 1000 rpm (rotation per minutes), 5 minutes. The supernatant
was aspirated and the cell pellet was re-suspended in DMEM (Sigma-Aldrich, Poole, UK)
and seeded in flasks for culture.
However, usage of primary keratinocytes has several disadvantages, for example, limited
availability of fresh skin, limited in-vitro lifespan, and, in particular, the large donor to
donor variation. By using an established immortalized keratinocyte cell line that can be
kept in culture for prolonged time, such limitations can be circumvented [28]. NTERT is an
immortalized keratinocyte cell line use for creating 3D-orgnanotypic skin equivalent models.
NTERT keratinocytes were cultured in Keratinocyte serum free medium (K-SFM, Gibco,
Paisley, UK) prior to use in the organotypic system. NTERT and DF were passaged using
standard trypsinisation methods, except NTERT keratinocytes were neutralized using defined
trypsin inhibitor (Gibco, Paisley, UK) since they were cultured in a serum-free media.
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Fig. 5.10 Illustrated steps for organotypic 3D cell culture. The base layer is made of fibroblast cell line
forming the dermis and epidermal layer is as a result of keratinocyte cell lines. The sample takes about
2 weeks to grow
Fig. 5.11 Histology of normal skin (right) compared with NTERT organotypic (left). Organotypic Sec-
tions (left) of 0.5 µmimaged with standard light microscope, illustrating the presence of keratinocytes
for epidermal layer. The light pink base is the dermis with fibroblasts and the keratinocyte starts to
differentiate spreading as tiny dot-like features
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Primary dermal fibroblast (1×105) per organotypic) were incorporated into ice-cold
4mg/ml rat-tail collagen 1 solution (Corning, MA, USA) with DMEM and neutralized with
0.5N NaOH. The collagen-cell suspension (350 µl) was pipetted into a 12 well plate hanging
well insert (Millipore, Darmstadt, Germany) and allowed to polymerize for 30 min at 37◦C to
form a gel. Once polymerized, the culture was submerged in 2.5 ml DMEM and incubated at
37◦C, 5% CO2, 90-100% RH overnight. All culture media was aspirated and then 0.5 ml cell
suspension of 1×105 NTERT immortalized keratinocytes were added atop the gel within
a ring raft (also called cloning ring) in DMEM:F12 culture medium. An additional 2 ml
DMEM:F12 was added in the well plate underneath the hanging well inserts and organotypics
(Fig.5.10) were incubated at 37◦C, 5% CO2, 90-100% RH overnight. Organotypics were
then airlifted by aspirating all culture media (both underneath and on top of the gel) and then
replaced with 1 ml DMEM:F12 culture media in the wells underneath the hanging inserts.
The organotypic cultures were incubated at 37◦C, 5% CO2, 90-100% RH for 14 days, with
culture media was refreshed on a daily basis.
5.2.2 Optical Parameters and THz propagation channel characteris-
tics of Organotypics
The organotypic samples of thickness 115 µm were measured at room temperature (23-24◦C)
via THz-TDS. The sample was measured in free space and fixed directly to the sample holder
mount as shown in figure 5.12.
Fig. 5.12 THz-TDS set up for organotypic measurement. The plastic ring raft is fixed inside the metallic
sample holder mount, making the sample suspended in free space
5.2 3D skin model - Organotypics Characterization 104
The samples were first taken out of the growth media and stored in an empty 12-well
plate for about 10 minutes to let it naturally remove excess of media and later the residue
was removed very carefully with a tissue paper. Epidermal cells consist predominantly of
keratinocytes (95–97%),while collagen makes 70% of the skin [23, 29]. In this section,
the 3D skin tissue as a combination of keratinocytes and collagen from fresh human skin
is investigated for its optical properties (Fig.5.13) in the terahertz range. Keeping into
consideration the absorption due to atmospheric water vapours, the refractive index and
absorption coefficient are empirically calculated in the frequency domain.
From figure 5.13(a), the measured refractive index value at 1 THz is 3 and the value is
quite consistent till 1.3 THz (Table 5.2). A steep fall and loss of data is observed after 1.4
THz. A stable working range is achieved from 0.85 THz to 1.4 THz. The non-linear curve
fitting of the data again gives a stable value of 3 at 1 THz and very close value of 2.96 at
around 1.3 THz with RMSE of 0.04, R-square value of 0.975 and adjusted R-square value of
0.969. Similarly, measured absorption coefficient values (Fig.5.13(b)) around 1 THz is 50
cm−1 and monotonically increases to 73 cm−1 at around 1.3THz. The theoretical fitting is
done with RMSE as 0.06, R-square value as 0.989 and adjusted R-square value as 0.984.









Table 5.3 Optical Parameters and THz Channel Characterization Metric for Organotypics at frequency








3 50 25 30.81
The absorption coefficient is comparatively lower than excised skin tissue(section 4.4)
and collagen(section 5.1.3) since the sample is thin and has less residual media. Keeping
into consideration that the system’s dynamic range affects the working range of frequency,
refractive index of different tissue samples and collagen is compared with organotypics in
table 5.4. Only consistent refractive index values are taken to provide a precise comparison.
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(a) Refractive Index for Organotypic
































(b) Absorption Coefficient for Organotypic
Fig. 5.13 The optical parameters (a) refractive index and (b) absorption coefficient. The refractive index
value is consistent from 0.9 to 1.3THz, where absorption coefficient vary with high spectral peaks at
around 0.85THz and 1.1THz
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(b) Molecular noise temperature for organotypic
Fig. 5.14 The pathloss and molecular noise temperature for NTERT organotypics as function of distance
and frequency
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From the table, it might seem that refractive index of collagen with 100k cells, is the closest
to freshly excised real skin, but morphologically it is significantly different. As explained
in section 5.1.2, collagen represents the main protein of dermis layer of the skin, hence a
more complex 3D organotypic structure is presented. Referring to [22], organotypics have
been shown to have fairly similar morphology, expression of differentiation markers, and
lipid properties compared with native human skin. As mentioned before (section 5.2.1),
organotypics were added with 100k keratinocytes forming the epidermis sitting on top of
100k dermal fibroblast forming the dermis. Hence, when comparing refractive index value of
collagen (with 100k fibroblasts) alone, addition of keratinocytes to organotypics could further
vary the refractive index value. It is important to note that both 2D and 3D structures are
engineered tissue substitutes, more variables such as other complex proteins, number of cells
added, source of cells and tissue type could affect the overall morphology and subsequently
the refractive index values. However, the advantage of skin substitute samples is the freedom
to investigate individual components involved in the making of skin. For instance, THz-
TDS of organotypics could help optimize the parameters involved in engineering such skin
substitutes.
Table 5.4 List of samples measured with its refractive index value
S.no Tissue Type Refractive
Index
Morphology
1 Breast 2.3 Epidermis and
dermis with traces
of blood









4 Organotypic 3 3D structure with
both epidermis
and dermis layer
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The above parameters: refractive index and absorption coefficient are applied to numeri-
cally evaluate the pathloss and molecular noise temperature for in-body networks (Fig.5.14
(a and b)). Both these parameters are function of distance and frequency. As explained
from previous results, they increase with increasing frequency and distance. For molecular
noise temperature, there are additional fluctuations due to atmospheric water vapour absorp-
tion. Again, analysing from the pathloss and molecular noise temperature values, to have
successful operation of in-body networks, it is advisable to establish short-distance THz
communication. The pathloss and molecular noise temperature for varying distances and
frequencies is provided in table 5.3.
5.3 Chapter Summary
The complexity of skin as a channel medium is addressed in by varying the fibroblast cell
number density. The results presented underlay the effects of heterogeneity of skin tissue on
channel parameters specific to epidermal and dermal layer. The channel parameters depend
on intricate molecular features of the human skin, which needs to be considered for in-body
nanonetworks. Refractive and absorption coefficient value were obtained for varying cell
number density keeping the thickness of the sample constant. Increase in fibroblast cell
number density leads to collagen gel contraction and hence alters its molecular composition.
This indicates to be one of the important variable factors in actual human skin. The refractive
index and absorption coefficient value decreases with increased cell number density due to
reduced water mass of the samples. The overall change in conformation of the collagen
samples was included while calculating total pathloss and molecular noise temperature of THz
wave channel. The complexity of real skin is further addressed by culturing 3D organotypic
samples. The sample is densely populated with keratinocytes and fibroblast, together they
make one of most important biological entities to investigate the THz wave propagation
characteristics in the human skin. Morphologically, organotypics closely resemble human
skin and could be optimized to investigate individual components such as stratum corneum,
sweat ducts, blood vessels and many more. The effect of adding an additional layer and
using dermal fibroblasts, resulted in change in optical properties and subsequently pathloss
and molecular noise temperature. This suggests that, THz frequencies are sensitive to
the complexity of skin and forms an excellent basis of in-body diagnostic nanodevices.
The results demonstrated in this chapter, will be a stepping-stone for optimizing channel
parameters of in-body nanonetworks along with a detailed analysis of skin composition.
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Chapter 6
Conclusion and Future Research
Conventional communication paradigms are advancing with the passage of time, demanding
high speed, multi-user functionality, efficient data transfer all in a small portable device.
Nanotechnology is becoming a known reality for future communication devices. An assembly
of nano-devices for a nanonetwork, is envisioned to sense, store and share the intricate
details of the human body helping the medical sector. In this thesis, cornerstones of in-
body communication for healthcare diagnostic applications were presented. Introduction to
terahertz (THz) communication for in-body nanodevices with variation in skin morphology
was the crux of this research investigation. The THz band for nanoscale (or short-range
THz) communication ranging from 0.1-10THz has been explored for initially for in-door,
short-range free space communication. However, by increasing the capabilities of devices
around us at a macro-scale motivated to explore the capability of nano-devices. This concept
led to several application in the medical field especially incorporating the THz frequencies
which have already marked their niche in biomedical applications.
6.1 Contributions and Conclusions
Chapter 3, the imperative aspect of nanoscale in-body communication is the channel medium
properties. In this chapter, kernels of THz characterization of skin tissue was presented. Key
contributions are,
• Experimental investigation of channel medium was performed and human skin was the
main focus of THz time domain spectroscopy. Skin being an inhomogeneous medium
and early indicator to a person’s health was proposed as a starting point to establish
in-body communication.
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• With the medical applications of Nanodevices, inhomogeneity of human body is still
a big mystery. In this chapter, the basic variation of any tissue type - hydration was
experimentally investigated. An iterative material parameter extraction algorithm was
applied to extract the optical parameters.
• The standard optical imaging of the skin was done, to indicate the intricate features
such as sweat duct and hair follicle contributing to the measurement data. The layered
structure of skin including epidermis and dermis was measured with traces of top-most
layer- stratum corneum. The samples were prepared for THz time domain spectroscopy
in the transmission mode.
• The measurement optical parameters of THz time domain spectroscopy - refractive
index and absorption coefficient were applied to numerically evaluate channel parame-
ters - pathloss and molecular noise temperature.The time domain data in picosecond
was converted to frequency domain by fast Fourier Transform. This gave both phase
and magnitude value which were then used to get the ratio of transfer function of the
sample under study and the reference. The channel parameters are based on radiative
transfer theory depending on frequency and path length.
• Original Contribution - The results demonstrate the effects of skin dehydration on
absorption coefficient and subsequently on channel parameters. It was highlighted that
THz wave is sensitive to tissue hydration, hence water dynamics instead of being a
hindrance to THz communication, became an excellent medium to sense various health
conditions. The results of tissue dehydration shows that absorption coefficient is well
below the <100 cm-̂1 and this effects the pathloss and molecular noise temperature.
Future in-body nanodevices can utilize these results to create a database of dehydrated
tissue and further extend to related medical conditions. The channel parameters were
evaluated and deemed suitable for short-range THz communication (less than 1mm)
with minimal spectral featured in the THz domain.
Chapter 4, the channel medium optimization becomes complex as one dwells into
understanding the skin morphology. The human body is a highly sophisticated machines
wherein some part is linked to the other. In this chapter,
• Different tissue types were experimentally. Fresh skin tissue from different parts of
the body were analyses and experimental results were presented. Throughout the
measurement, the thickness was fixed at 200um by gently pressing the tissue and
removing residual media. The ex-vivo measurement of fresh tissue is understandably
the closest to actual live human skin.
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• Tissue from different parts of body such as breast and abdomen was measured and
optical parameters were extracted. The samples were obtained within a few hours of
surgery and stored overnight in growth media to keep the morphology close to that of
actual human skin. The samples were studied under standard light microscopy after
performing the measurements.
• The optical properties of breast tissue was studied at different rotation angled analogous
to real-time scenario. It was highlighted that human tissue, especially the dermis layer
is a fibrous structure. Hence angled-dependent studies become important in case of
any mechanical (pressure, temperature, or tissue-rupture) variations in the tissue.
• Both the tissues breast and abdomen have same layered structure, however with
standard light microscopy results, the abdomen tissue is denser. Hence a slight variation
in refractive index and absorption coefficient is seem. Other factors such as atmospheric
water vapours and electronic noise from the optical bench do affect the working
frequency range, signal to noise ratio and dynamic range.
• Original Contribution - Mapping the human skin by measuring different tissue types
was the main focus of this chapter. A complete database involving variation in real-
skin biological features such as hydration and tissue fibre density affect the optical
properties and channel parameters. With the results presented, nanodevice location will
highly depend on the tissue type and its optical properties. Fresh tissue refractive index
varies between 2.3 -3.3 depending on water dynamics and fibre density. The angle-
dependent measurement again highlight the complex morphology of the tissue and
changes in fibre orientation that affects the pathloss and molecular noise temperature.
A comparison of channel parameters of freshly excised breast and abdomen tissue
highlights that with the same human body it is challenging to establish a universal
in-body nanonetwork. However, focusing on details like presented in this thesis is a
stepping stone for creating an in-body communication database applied for skin tissue.
Chapter5, the dehydrated and hydrated real skin tissue provides a spectrum of possible
biological features that affects the channel medium for short-range THz communication.
Skin is a heterogeneous layered structure and can be decided into three basics - stratum
corneum, dermis and fat. In this chapter, dermis layer is investigated in detail,
• The dermis layer is artificially modelled using a standard tissue culture protocol. The
focus is experimental investigation of collagen which is the main protein forming the
extra-cellular matrix. Collagen was cultured using a reagent and fibroblast cells that
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bind and proliferate to form the 2D matrix. This is a basic model of dermis layer
mimicking the human skin layer where nutrients are provided with growth media.
• The samples were prepared by varying the fibroblast cell numbers. The key is to
understand the dynamics of water and subsequent changes in optical parameters of
the dermis layer.The cell number density was increased starting from 100k to 500k
with a difference of 200%. The cells were first estimated by observing them in a
standard light microscope using a haemocytometer. Rat-tail type I collagen was used
as a base reagent for gel preparation, which was commercially bought. The gels were
then incubated (5% CO2) for gelation at 37 degree for approximately 45 minutes. The
contraction of the gels was observed and reported for over the period of two weeks.
Increase in Fibroblast cell number density leads to collagen gel contraction and hence
alters its molecular composition.
• The measurement of gels were carried out within half and hour of their exposure to
room temperature. The signal level attenuation of collagen samples were compared
with be compared with reference, where the peak intensity for is reduced to 5 mV
for 500k cells and similarly for 300k and 100k. This presents the lossy behaviour
due to absorption of transmitted THz wave through the samples. The same extraction
algorithm was applied to record the refractive index and absorption coefficient values.
It was shown as the cell number density increases the refractive index and absorption
value decreases.
• The optical parameters for different cells numbers were used to evaluate the pathloss
and molecular noise temperature. It was shown that not only channel parameters
depends on frequency and distance but also intricate molecular features like collagen
fibres. The results for both pathloss and molecular noise temperature demonstrate high
dependence on molecular features and hydration level of the skin.
• The fibre density of collagen samples were separately studied under scanning electron
microscope where sample number of fibroblast cells were estimated and a similar trend
in contraction was observed. These fibroblast cell number density was slightly different
(200k, 400k, 600k and 800k) however the difference of 200% is still the same. They
were first dried to a point of no moisture and imaged under near to vacuum conditions.
The fibres were observed to spread randomly but they always grow on top of each
other. Spatially, the fibres are always in parallel to each other forming a dense extra
cellular matrix.
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• To further investigate the effects of layered structure , an epidermal layer with ker-
atinocytes as its main constituent was added on top of a base dermal collagen layer.
The form of tissue culture focuses on 3D structure called organotypics, addressing the
dynamics between keratinocytes and fibroblasts forming a more advance dermal layer.
NTERT keratinocyte cell line was used for creating 3D-orgnanotypic skin equivalent
model. The cells were seeded in a plastic flask supplied with essential nutrients and
and are then left to proliferate in an incubator. As before, collagen type 1 was used as
the reagent to form the dermal layer and extended to forming an epidermis.
• The sample tend to contract and form a thin layer, and hence standard tissue sample
holder was unsuitable. Instead, it was measured by mechanically fixing in the sample
holder mount with a ring graft (used for growing the epidermal layer). The optical
parameters were again extracted and applied to evaluate the pathloss and molecular
noise temperature. In particular, absorption coefficient value was lower than the freshly
excised tissue since the sample was very thin. The refractive index value was recorded
to be very close to that of a real skin.The sample was also studied under standard light
microscope highlighting the growth of epidermal on top of dermal layer.
• Original Contribution - Investigation of skin tissue molecular feature layer by layer
was the highlight of this chapter. The skin substitute models offer potential insight to
actual human skin morphology. A comparative study of 2D and 3D skin models were
made and the results were together aligned with excised human skin. Organotypics are
definitely a step closer to real human skin, but THz characterization of these samples
helps to validate their biological nature. Not only the optical parameters are useful for
channel parameters, in-body communication but optimizing the optical properties skin
substitutes.
6.2 Future Research
The thesis presented an inter-disciplinary research with channel medium measurement and
numerical evaluation of channel parameters as its main focus. The results and analysis can
be further extended to enhance the capabilities of human body optical parameters, nanoscale
THz communication, channel modelling and skin substitute applications. The work presented
could open doors to:
• THz-TDS in reflection mode and nitrogen purging of the THz emitter path - The bio-
logical samples are lossy and vary in morphology and thickness. Reflection geometry
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is convenient in regards to convenient placement of the tissue without the need for
any sample holder. Different biological elements such as blood, sweat ducts, dis-
eased tissue etc., needs to be characterized to extend the existing database for channel
parameters. It would be interesting to integrate THz reflection mode with imaging
making it a complete medical diagnostic tool. Current measurements are made in
normal humid air, such fluctuations could lead to changes in phase information. Hence,
future studies should include a comparative analysis of measurement with and without
nitrogen purging (or dry air). This will further help the system to achieve an optimized
repeatable state. Control parameters like time of nitrogen (or dry air) flow, pressure,
humidity level will be helpful.
• An an extension to channel modelling for in-body nanonetworks, interference and
noise due to cluster of nanodevices need to incorporated. Channel modelling needs
some added functionality such as to explore the performance of multiuser; noise model
such as body radiation and absorption noise due to variation in molecular features of
the channel medium. Added extension could be effect on channel parameter due to
changes in physical parameters like temperature, pressure, stress, rupture of tissue etc.
• Diabetes - THz technology has been utilized to study collagen which is essential
for for forming the extracellular matrix in the dermis layer. Protein glycation con-
tributes to skin ageing as it deteriorates the existing collagen by cross-linking. The
elevated levels of glucose starts forming covalent adduct (chemical compound) with
plasma proteins through a non-enzymatic process known as glycation. Accelerated
skin ageing is especially noticeable in diabetic patients, where glycation is increased
because of the high serum glucose level. Protein glycation and formation of advanced
glycation end products (AGEs) play an important role in the development of diabetic
complications.THz technology comes to aid with its ability to capture unique spectral
features of biomolecules and associated activities with water inside the tissue. Such a
technique could be of potential benefit to diagnose diabetes and related skin specific
complications. Results presented in this thesis that characterization of collagen in the
terahertz frequency range and further sugar variation with collagen protein can provide
in-depth knowledge of diabetic conditions. The spectral signature obtained could be
stepping in constructing a solid database for medical diagnostic devices such as THz
diabetic device.
• These models are already popular in areas of skin grafting, toxicology, drug deliv-
ery etc., hence they are a potential candidates for testing the bio-compatibility of
nano-devices and further establishing a non-network. Thus, THz TDS sensitivity to
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biomolecular activity could be helpful in optimizing more artificial skin models to
mimic real skin. Tissue culture is developing to add more real-like layers such as
stratum corneum, blood vessels etc., hence it will be an exciting venture to utilize the
attributes of THz radiation to study them.
